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An Integrated Study of Water Resources and Climate Change Impacts in the Upper Chao Phraya 
River Basin in Thailand 
ABSTRACT: Even water is defined as the renewable resource its amount is constant and will not 
diminish from the earth since it is the closed circulation system (based on hydrological cycle and 
earth’s water budget). However, its uneven in temporal (time) and spatial (space) distributions are 
causing and inducing water problems around the world. Furthermore, anthropogenic climate change 
(known as human causes climate change) is going to accelerate problems related to water, for example, 
flood and drought globally. Thus, better water resources management or option is needed. Actually, 
there is no clear definition of the best water resources management since it depends on many factors. 
Therefore, this dissertation was conducted in the Upper Chao Phraya River basin (109,973 km2 or 
approximately 22% of the country’s land area) in Thailand, which mainly contents with flooding and 
drought problems, in order to reveal and fulfill our understanding in hydro-meteorological changes/ 
impacts on water resources aspects which are not explicitly study yet. It was integrated study among 
surface water, groundwater, rice water demand, climate change, and people’s perceptions of hydro-
meteorological change impacts on water resources. 
 
To determine a concise and comprehensive in the dynamic water resources in the basin among the 
surface water, groundwater, and water demand, a set of mathematical models with an approximately 
10 km × 10 km spatial resolution were applied. The observed spatial mean annual rainfall (1986-2000) 
in the basin was approximately 987 mm, and 88% (868 mm) was distributed in the wet season, and 
nearly 70% of the wet season rainfall occurred in September and October. A significant proportion (810 
mm) was lost through evaporation and only 18% of the mean annual rainfall contributed to runoff. For 
the subsurface water, approximately 93 mm (equivalent to 10.6 km3 in water volume) or 9.4% of the 
mean annual rainfall recharged into groundwater storage on average annually, and 71% of the annual 
groundwater recharge took place from September to October, which coincided with a flooding period in 
the basin. According to the simulation over the 15 years (1986-2000), groundwater storage varied from 
71.8 to 78.6 km3 depending on the hydrological forcing events. Using conservative concept, 
approximately 10.6 km3 of extracting water volume was set as the maximum allowable groundwater 
extraction, which was the same amount as the mean annual groundwater recharge or defined as 
renewable groundwater storage. This limitation was set to avoid depletion of groundwater. In brief, 
the basin has approximately 30.6 km3 annual total available water (runoff + renewable groundwater 
storage). Because agriculture consumed the majority of water and rice production was the major crop 
in the basin, only the rice water demand was assumed as the basin water demand. The annual rice 
water demand was approximately 650 mm, on average, or 175 mm (27%) and 475 mm (73%) for the 
wet and dry season, respectively. 
 
To assess alterations of the rice-growing season as a sustainable option to overcome temporary 
groundwater storage shortages resulting from flooding and drought conditions in the basin, rice was 
planted in May (1.5 months earlier) to harvest before seasonal flooding occurred (normally in October). 
The assessment showed that a cropping intensity (CI) of approximately 1.4 (100% and 40% of the total 
agricultural area for the wet and dry seasons, respectively) could be supported by the total available 
water. Shifting the growing season did not have a negative impact in terms of rice production area, but 
it did ensure that the area of rice cultivation avoided flooding or surface water shortage conditions. 
Expanding the rice production area was also assessed; however, this required the implementation of 
artificial groundwater recharge (AGR). For example, 1.0 km3 of AGR annually was enough to support 
CI equal to 1.5 without experiencing groundwater depletion. In addition, soil conditions/ types were 
considered as a complement criteria in creating the guideline land development map that allows the 
assessment is more practical. 
 
Under the climate change conditions, 5 Global Climate Models (GCMs) under 3 scenarios 
(Representative Concentration Pathways (RCPs), i.e., low (RCP2.6), intermediate (RCP4.5), and high 




reasonable to assume that the land cover will not be altered to a large extent during this period and 
compared the results to the reference period (1986-2000). Maximum surface air temperature is 
projected increasing by 1.2-2.3 °C relative to the reference period under the RCP8.5 scenario. Rainfall 
tends to decrease in the lower basin (especially in the lower Yom and Nan sub-basins), but shows an 
increase in the upper areas such as upper Ping area. According to the variability of model results, 
groundwater recharge; therefore, increasing and decreasing trends were found under the multiple 
GCMs and scenarios. However, the concerning about climate change was its potential impact on 
groundwater recharge and storage reductions. The more pronounced reductions of the recharge were 
found under the RCP8.5 scenario and they have potential impacts to reduce groundwater storage by 
2.2 km3. Furthermore, groundwater recharge-storage-reduction relationship was constructed for 
assessing the potential of climate change impacts on groundwater in the UCP. 
 
Not only the mathematical based models have done in this dissertation, but also the study of local 
people’s perceptions (PP) of the past and future hydro-meteorological changes and its impacts on water 
resources was conducted in this dissertation as well. According to some limitations  such as time, 
budget, and so forth, the PP was conducted only in Sukhothai Groundwater Irrigation Project, which is 
an intensive groundwater use area in Thailand. A statistically significant increase at the 95% 
confidence level, based on the Mann-Kendall test, was found in the observed annual mean surface air 
temperature, rising over the period from 1955-2012. From 1993-2012, statistical values and 
hydrological extreme events showed the highest variability relative to the period from 1955-1992, 
which could be a signal of climate change impacts in the study area. The majority of people (94.7-
100.0%) shared that less available surface water may occur and that this result is driven by climate 
change. However, a majority of elder generation (≥41 years old, 55.6-84.2%) do not realize the potential 
climate change impacts because their groundwater will alleviate the problems. Incorrect PP 
(misperception) on groundwater was confirmed by 81.8-89.5% of people who shared that climate 
change will not impact on groundwater. Furthermore, past hydrological extreme events should bear in 
the people’s mind; however, the shared PP on the flood and drought events were not correct. Exposure 
time to flood (≈ 1 week) and drought (≈ 5 months) is one of the potential factors on the misperception. 
Examining the PP of different generations, people who are ≥ 41 years old shared almost the same PP, 
and the people who are ≤ 40 years old showed more awareness of climate change impacts. From an 
optimistic point of view, the younger generation realized potential climate change impacts; thus, the 
implementation of future adaptations is expected to have strong cooperation. 
 
The approaches and findings of this dissertation will be useful and fulfill our understand in water 
resources situations and its potential impacts of climate change as well as the ground truth from the 
local people's mind. Since the dissertation included the people dimension as complement of 
mathematical models and observations, thus it would allow the results more practicable. In addition, 
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1.1 Research context  
1.1.1 Flood and drought are pressuring available water resources and its management in the 
UCP 
Thailand, the agricultural economic based country, is located between 90⁰ 15′ E to 105⁰ 15′ E and 
8⁰ 15′ N to 20⁰ 15′ N and with an approximately of 513,120 km2 in land area. Upper Chao Phraya 
River basin (UCP) is a group of 4  sub-river basins which together of approximately 109,973 km
2
 
(which is the largest basin in Thailand) in the northern part of the country and almost drain from 
the north to the south, more details will be described in chapter 2, (Department of Water 
Resources, 2007). There are 67.01 million people in a total population of the country and 41% of 
them living in agricultural sectors (National Statistical Office, 2014). Although there have been 
almost a half century long in developing irrigation areas/ projects, but more than 80% of 
agricultural areas are rain-fed that rely on rainfall (Royal Irrigation Department, 2010). An income 
of farmers’ family is relatively low and below the country’s poverty line since their productions 
(an income source which mainly from rice production) suffer from flooding and drought.  
 
In general, the UCP is contented with both flooding and drought, which are most significant 
impact on rice production. During the last 30 years, there have been numerous flood events, such 
as in 1983, 1994, 1995, 1996, 2002, 2006, 2009, and 2011 (e.g., Hungspreug et al., 2000; Komori 
et al., 2012; Pavelic et al., 2012). The Department of Disaster Prevention and Mitigation (2011) 
reported that flood damage occurred throughout Thailand from 1991 to 2011 at a cost of 
approximately 248,838 million baht. However, there were also droughts, and in 1986, 1987, 1998, 
1990, 2002, 2005, and 2012 drought conditions caused immense damage throughout the country 
(Department of Water Resources, 2007). Both flooding and drought impact rice production, which 





Actually, it is difficult to protect rice production areas from floods and droughts by physical 
structural measures, e.g., reservoirs, levees, and diversion canals because such structures require 
significant investment and can negatively impact the environment. The use of both structural and 
non-structural measures are appropriate for protecting a city, industrial or economical area. 
However, protecting agricultural areas have not been planned for, except in areas within irrigation 
projects (Department of Water Resources, 2007; Royal Irrigation Department, 2010). Moreover, 
climate change is expected and projected to induce both flood and drought and in both frequency 
and magnitude (e.g., Kotsuki and Tanaka, 2013; Pratoomchai et al., 2014; Watanabe et al., 2014). 
2011 flood event was one of the extreme natural disaster event impacts on people, economic 
growth, infrastructure, and so on (e.g., Komori et al., 2012; Haraguchi and Lall, 2014). In addition, 
the flood magnitude like the 2011 event is expected to occur again in the future (Watanabe et al., 
2014). Multiple measures have implemented in order to recover the damages and prevent a kind of 
this event in future. However, almost measures were focused on urban and economical areas. 
Therefore, this dissertation aimed at rural and agricultural areas to figure out a countermeasure 
against or live along with flooding and drought threats. 
   
1.1.2 Availability of water resources and water shortage  
Molle (2002) and the Department of Water Resources (2007) noted that surface water shortage in 
the dry season was a critical issue affecting all the entire UCP, especially areas that are far away 
from rivers or reservoirs. In general, the ratio of water withdrawal sectors to the available surface 
water should not exceed 0.4, or else the area will be considered as under water stress (e.g., Oki et 
al., 2001; Falkenmark and Rockstrom, 2004). Ekkawatpanit et al. (2009) have provided evidence 
about water conflict between people living in the Upper and Lower Mae Chaem basins, which are 
sub-river basins of the UCP, during the dry season because of low river discharge. Moreover, a 
few years ago, the Thai government launched an agricultural price insurance policy, which also 
pledged to increase and distribute income to farmers, and rice cultivation areas in the UCP, 
especially in the dry season, were recorded to increase by 32.2% from 2009 (9,147 km
2
) to 2012 
(12,185 km
2
) (Office of Agricultural Economics, 2012). The high demand for groundwater to 
alleviate the stress exacerbated the surface water shortage (Department of Groundwater Resources, 




salt water intrusion for coastal aquifer, and so forth. Thus, a measure or strategy to protect 
groundwater depletion or even increasing the amount of groundwater in the basin is needed for 
further investigation. Therefore, temporal and spatial distributions of available water resources 
(surface water and groundwater) in the UCP are needed to explicitly study.  
 
1.1.3 The role of groundwater and its recharge sources  
In response to the surface water shortage, the Department of Groundwater Resources (2011b; and 
2012) carried out a hydrogeological investigation of sites across the country to determine potential 
uses of groundwater. Conjunctive water use that combines surface and subsurface water is a wise 
and globally sustainable approach to cope with temporary water shortages; however, limitations on 
the quality and quantity of aquifer storage must be considered. Koontanakulvong et al. (2010) and 
Bejranonda et al. (2013) evaluated conjunctive water use in the Plaichumpol Irrigation Project in 
an area of approximately 440 km
2
 in the UCP and showed that the use groundwater for rice 
production in the dry season could be enhanced. However, such use should be carefully managed 
to avoid long-term groundwater depletion. Ramnarong and Wongsawat (1999) have shown that 
approximately 8 km
3
 of water volume can be extracted annually from the aquifer of the UCP. It is 
difficult to estimate the groundwater storage and how much groundwater can be used because the 
result depends on assumptions. In addition, there are a few studies on groundwater resources and 
its potential uses in the UCP. Therefore, this topic requires additional research to reach a consensus 
(Pratoomchai et al., 2015a). Pavelic et al. (2012) have proposed a conceptual scheme for 
harvesting floodwater in the UCP into groundwater storage using recharging areas. This scheme 
requires areas that vary from 70 to 340 km
2
, depending on the infiltration rate for constructing 
artificial infiltration basins. 
 
Actually, there is a natural relationship between flood and groundwater. Kazama et al. (2007) have 
revealed that floods in the Lower Mekong River basin act as a significant function to induce 
groundwater storage. According to Komori et al. (2012) and Pavelic et al. (2012), floods are not 
abnormal phenomena, but it takes place every three or four years in the UCP. Therefore, the 
relationship between flood characteristics (magnitudes and inundation areas) and groundwater 




evaluating the potential of groundwater use or even flood control and its impact on groundwater. 
Furthermore, a thorough understanding of the surface and subsurface hydrology that is regional 
characteristics could lead to a sustainable solution for drought mitigation in the basin. In fact, since 
less integrated study of the closed components (surface water, groundwater, and water demand) 
has led to reactive approaches to handling flood and drought events in the UCP (Hungspreug et al., 
2000; Tingsanchali et al., 2003). Therefore, the understanding of groundwater capacity in the UCP  
may allow or enhance how to take advantage of this resource. 
 
1.1.4 Climate change and its potential impacts on water resources  
A concentration of carbon dioxide (CO2) in the atmosphere, one of greenhouse gases (GHGs), is 
dramatically increasing and will be increased in the future because a measure to reduce CO2 
emission is far away from implementing and globally cooperating (Intergovernmental Panel on 
Climate Change or IPCC, 2013). In addition, a variability of CO2 concentration shows good 
agreement with the average earth’s surface temperature that is increasing trend (National Oceanic 
and Atmospheric Administration, 2015). Despite there are various sources of releasing CO2 into 
the atmosphere, e.g., volcanic eruption; however, over the current period there was no outstanding 
observation of releasing CO2 which was driven by nature except human activity. This brings on a 
familiar phrase “anthropogenic climate change or human causes climate change” in scientific 
literature, documents, mass media, and so forth (IPCC, 2013). 
 
In fact, the consequence of climate change on hydro-meteorological variability and water resources 
are complicated (e.g., Easterling et al., 2000; IPCC, 2013; Oki and Kanae, 2006); however, 95% of 
scientific consensus believe that increasing in a number of hydrological extreme events such as 
floods, droughts, landslides, and so on are driven by climate change (Hirabayashi et al., 2013; 
IPCC, 2013;  Lee and Wang, 2012). Nevertheless, the impact of climate change on hydro-
meteorological patterns are uncertain in temporal and spatial distributions and difficult to predict. 
Therefore, knowing how these changes affect the distribution and availability of water at a regional 
or local scale is crucial to our understanding of how climate change impacts the water, which was 





1.1.5 Peoples’ perception of climate change and its potential impacts on water resources 
People are inevitable factors whenever dealing with a policy (Baan and Klijn, 2004; Sivapalan et 
al., 2012), and nowadays we realize that climate change , which is driven by human activity, is 
putting a pressure on water resources (IPCC, 2014). For example, in an area where surface water is 
not enough to a demand, groundwater is a source for compensating that shortage. However, the 
response of groundwater to hydro-meteorological change is relatively slow compared to surface 
water since an effect of groundwater storage. Recharging of groundwater to fulfill the extracted 
amount may require a year to a decade or even century or more depends on recharge source and 
aquifer properties. Misperception may cause and induce other problems or even lack of 
cooperation to handle water resources problems (e.g., Manandhar et al., 2015; Pratoomchai et al., 
2015b). Thus, an understanding of people on sustainable use of water resources and their 
awareness of climate change impacts are urgent issues, for example, Fig. 1.1 shows a global survey 
of 34 countries of people’s concerned about climate change impacts (Leiserowitz, 2015). The 
awareness is necessary for future cooperation of people on a particular issue and reflect whether a 
successful of a policy or strategy or not. Because these facts (people’s perception and their 
activity) are the ground truth that is directly impacting on water resources management but may 
not obtain via a model. In addition, it is needed for policy formulation towards adaptation 
(Giupponi, 2014 and Jones et al., 2011). 
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1.2 Problem statement  
Water is needed for all living things. Despite this substantial is defined as a renewable resource 
(e.g., Oki, 2005) and its amount (fresh water) is over a demand (Oki and Kanae, 2006), but uneven 
temporal and spatial distributions are a cause of the water problems. In addition, climate change is 
now persisted as a dominant factor in exacerbating water resources problems (e.g., Döll, 2009; 
Hanasaki et al., 2013; IPCC, 2013). Policy as well as a managing strategy might induce other 
problems or alleviated a situation if proper approach(s) are applied (IPCC, 2014). Therefore, 
integrated assessment of water resources (surface water and groundwater) in the past and future 
projection (under climate change conditions) is needed. Since lessons learned from the past and 
what future water resources likely be are invaluable basic information in order to improve and 
respond to water resources problems. In addition, reactive  approaches (mitigation and 
rehabilitation) are used to cope with natural disasters in Thailand (e.g., Tingsanchali et al., 2013). 
However, according to the 3
rd
 UN World Conference on Disaster Risk Reduction, 14-18 March 
2015 in Sendai, Japan, “invest (approximately 1 US dollar) today to protect and save 
(approximately 7 US dollar) tomorrow” is the key message from this forum. In other words, we 
should apply the active approach rather than reactive approach for better results in disaster risk 
reduction.  
 
The UCP is the largest river basin and one most vulnerable area to flooding and drought in 
Thailand (Department of Disaster Prevention and Mitigation, 2011; Department of Water 
Resources, 2007; Royal Irrigation Department, 2010). To support the above statement, an explicit 
study of water resources is a mandatory step. In addition, it is far away to control hydro-
meteorological variables (based on nowadays’ technology) even some can do such as artificial 
rainfall, but its effectiveness is not good enough. Therefore, understanding their characteristics of 
water resources is needed in order to improve and build resiliency to face with uncertain events. 
For instance, an available water resources in the existing condition and the projections of the future 
are important as lessons learned and maps for managing purpose. In addition, people are evitable 
factor that could not predict by mathematical model; however, it is a crucial component in terms of 
management and adaptation. Finally, what should be a plausible or practical solution in order to 
live along with the totally distinguished phenomena (flood and drought) in the UCP will be figured 




1.3 Motivations and objectives  
To raise income for local people who majority are farmers by protecting their agricultural 
production areas (paddy fields) and promoting more cropping intensity (CI) are a master plan 
concept in the UCP’s water resources management (Royal Irrigation Department, 2010). In the big 
picture of the UCP, flood and drought are the main water problems or obstructions of the basin 
development. According to country’s financial status, policy, and so forth a kind of  structural 
measures could not implement for agricultural areas. In terms of water use, 70% of a total water 
consumption goes to agricultural sectors and almost of that amount supplied by surface water 




Fig. 1.2 Dissertation framework (mathematical model and socio-water use) 
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Due to a lack of surface water distribution systems such as canals and pipelines; thus, only areas 
are located along rivers (riparian areas) and within irrigation projects (areas) are benefiting from 
surface water. Meanwhile a majority of land area is rain-fed, thus one available option for the rain-
fed areas is groundwater extraction. However, the amount of groundwater that available as well as 
its recharge, which are driven by multi-factors such as rainfall, flood inundation, and river 
infiltration, are not clearly understood. Another forcing that may be impacted on people and 
available water is climate change. Although some literature have done in the context of climate 
change impact on hydro-meteorological variables (e.g., Kotsuki et al., 2014; Watanabe et al., 
2014), but very less studies carried further in potential impacts on groundwater. 
 
Therefore, a context of groundwater resources which might alleviate flooding (flood harvesting) 
and drought in the UCP is carried out in this dissertation. In order to explore plausible and 
practicable options to address the water resources problems and fulfill a lack of literature research 
in integrated assessment of water resources that also accounts a global concerned of climate 
change impact, several objectives were stated as follows: 
1. To develop and integrate mathematical models that are able to assess both temporal and 
spatial distributions of surface water and groundwater  
2. To assess the temporal and spatial distributions of surface water shortage and potential 
to get groundwater to alleviate the stress  
3. To figure out a coping capacity of the basin with flooding and drought  
4. To explore characteristics of water resources of its occurring, sourcing, and distributing 
in the basin 
5. To project future hydro-meteorological variability under climate change conditions 
6. To investigate people’s perception of climate change and its potential impacts  on water 
resources 
7. To propose an option in adapting to flooding and drought threats 
 
1.4 Methodological frameworks  
To assess surface water resources, a mathematical model called H08, which was developed and 
integrated by Hanasaki et al., 2008a; 2008b, was adopted for this assessment. Originally, this 
model was designed for the global scale simulation with a 1.0° × 1.0°  spatial resolution and 




regional version with a 5.0′× 5.0′ or approximately 10 km × 10 km spatial resolution under 3 
modules, i.e., Land Surface Moudle (LSM), river routing module, and reservoir operation module 
was applied for the UCP. Meanwhile an assessment of surface water stress was used a Water 
Sufficiency Index (WSI), which was proposed by Ekkawatpanit et al. (2009). However, the H08 
has a limitation to simulate flood inundation and groundwater flow. Thus, an explicit scheme 
(MacCormack scheme) of one-dimensional (1-D) river routing for estimating the Saint Venant 
equation (Chaudhry, 2008) and a simplification of the two-dimensional (2-D) flood inundation 
module that was developed by Kazama et al. (2007) were coupled and applied to simulate flood 
inundation in the UCP’s flood prone area. Groundwater simulation was one main objective of this 
study; groundwater recharge and groundwater flow models are needed for this part. There are 
several approaches to calculate groundwater recharge; however, groundwater recharge is one of 
hydrological variable that is difficult to estimate since it depends on several factors (Dingman, 
2008). Regarding to a number of limitations and observed data that available in the UCP, thus a 
Soil Moilture Deficit method (SMD) that was proposed by Rushton (2003, 2006) was used for this 
study. Prickett and Lonnquist (1971) developed a numerical technique based on an Alternative 
Direct Implicit method for estimating numerical solution of two-dimensional (2-D) groundwater 
flow. This approach was used for calculating groundwater flow in the UCP. 
 
According to a significant amount of  water use is consumed by the agricultural sector (Patanee, 
2006) and the main focus of the study aim to find a solution for farmers to cope with flooding and 
drought; therefore, only rice water demand was considered. A classical method known as Penman-
Monteith method (Zotarelli et al., 2015), which is the approach that recommended by FAO-56 as a 
standard method to estimate reference crop evapotranspiration (ETO), was used to estimate the 
ETO. This method needs a crop coefficient (KC) in order to calculate the rice water demand; KC 
values that were suggested by the Royal Irrigation Department (2012) were used here. 
 
To access on future water resources projection, 5 GCMs (i.e., MIROC-ESM-CHEM, HadGEM2-
ES, GFDL-ESM2M, IPSL-CM5A-LR, and NorESM1-M models) from the CMIP5 (Coupled 
Model Inter-Comparison Project phase 5) were applied. Shifting and scaling method was applied 
for down-scaling the original of 5 GCMs’ results to a 5.0′×5.0′ (approximately 10 km × 10 km) 




century since it is not reasonable to assume model parameters in a very far from the present. 
Mann-Kendall test (Helsel et al., 2006) was used to test whether or not statistically tends/ changes 
of climate variables. Moreover, quantile analysis (Dingman, 2008), which is a way of describing a 




Fig. 1.3 Schematic diagram of the dissertation context 
 
In this dissertation not only the mathematical models were used, but people’s perception of hydro-
meteorological change and its potential impacts on water resources was also studied. A 
questionnaire surveyed which was followed the study of Manandhar et al. (2015) was used in this 
section. Due to the fact that this kind of the study needs to take time and a lot of budget, which is 
Chapter 6
People’s perceptions (PP) of climate change and its 
potential impacts on water resources
Chapter 2
Study area and data sources
Chapter 1
Introduction and literature review
Chapter 3
Mathematical model development and its 
performance to assess characteristics of water 
resources in the UCP
Chapter 4
Assessment of available water resources in the 
UCP
Chapter 5
Projection of water resources under climate 
change conditions
q Projection of meteorological variables changes …
q Assessing temporal and spatial distribution of 
rainfall and its potential impacts on runoff and 
river discharge ……………………………………...
q Assessing area(s) at risk due to climate change …..
q Projection climate change impact on groundwater 
recharge and storage ………………………………..
q Climate change adaptation framework
q Almost the entire basin classified as intermittent river 
flow
q Almost the entire basin subject to drought in the dry 
season …………………………………………………….
q Production areas (rice) increasing ……………………..
q Assessing surface water and water demand …………..
q Evaluate a role of groundwater to alleviate the shortage 
and its increasing use ……………………………………
q Assessment of basin capacity to support maximum 
production area (adaptation)
q Flooding and drought are main water resource problems in 
the UCP and Thailand
q Opportunities and constraints in adapting to the problems 
need to explicitly study
q Climate change is expected to induce flooding and drought
q People might accelerate the problems if they do not awareness 
or lack of knowledge ……………………………………..
q Upper Chao Phraya River basin (UCP)
q Meteorological data set (IMPAC-T) and gauging 
observations ………………………………………
q 5 Global Climate Models (CMIP5)
q Tools (models)
q Surface water and groundwater calculations
q Flood inundation inducing groundwater
q Water demand
q How people have been perceived temperature, 
rainfall, and extreme hydrological events changes
q Compare the PP to observations (ground truth)
q Assessing what people concern about water resources
q People’s activities related to water resources  
q How local people solve problem(s) related to water 
resources
q People’s perception and awareness of climate change 






difficult for individual research to effort for, thus only one irrigation project area maned Sukhothai 
Groundwater Irrigation Project (SGIP) was selected as the case studied. Furthermore, an adapting 
scheme to address flooding and drought was illustrated as an example or an option to cope with the 
water resources problems. And wrap up framework and interrelationship among each chapter of all 
the above contexts in this dissertation are shown in Fig. 1.2 and Fig. 1.3. 
 
1.5 Outline of the dissertation  
 
Chapter 1: Introduction 
This chapter provides overview insight into the dissertation context,  problem statements, 
motivations and objectives, research framework, and outline of the rest of the whole dissertation. 
 
Chapter 2: Study area and data sources 
A bunch of information about the UCP (the study basin), basin delineation, and water resource 
management in the basin is presented in this chapter. A necessary requirement of input data, such 
as a K-10 data set (meteorological input data for the H08 model), riverbed and aquifer properties, 
observation of rainfall, surface air temperature, river discharge, groundwater level, groundwater 
use as well as the data owners/ sources are described in this chapter. 
 
Chapter 3: Mathematical model development and its performance to assess characteristics of 
water resources in the UCP 
This chapter consists of a set of mathematical models for calculating runoff, evaporation, river 
discharge, flood inundation, groundwater recharge, groundwater level, and rice water demand. 
Governing equations and mathematical techniques in constructing the models are given in this 
chapter. Model calibrations and applications of the models to simulate water resource are also 
presented here.  
 
Chapter 4: Assessment of available water resources in the UCP 
A discussion on the availability of water resources over the study basin will be presented in this 




which have the potential to enhance use of groundwater for alleviating the surface water stress are 
shown. 
 
Chapter 5: Projections of water resources under climate change conditions 
A selection of GCMs, scenarios, the technique for downscaling from the global scale to regional 
scale is presented in this chapter. Projections of rainfall, surface air temperature, river discharge, 
groundwater recharge, and groundwater storage are presented in terms of relative change to current 
period. 
 
Chapter 6: People’s perception (PP) of climate change and its potential impacts on water 
resources 
A social study of people’s perception of climate change and its potential impacts on water 
resources are the main focus of this chapter. The target group (farmer) of this study and the study 
area are provided. What the local people shared, e.g., their  opinion and concerned about climate 
change impacts is discussed. Comparison of the perception to scientific observation  has shown in 
this section as well. 
 
Chapter 7: Conclusions and recommendations 
Summary of the main findings, scientific contributions as well as some suggestions for further 

















STUDY AREA AND DATA SOURCES  
  
2.1 Study area  
2.1.1 Location and topography 
Thailand is located in the Southeast Asai region, and borders between Myanmar and Laos in the 
north, Laos and Cambodia in the east, Malaysia in the south, Andaman Sea and Myanmar in the 
west. Over an approximately 513,120 km
2
 of the country’s land area were divided into 25 main 
river basins as shown in Fig. 2.1a. The Upper Chao Phraya River basin or UCP (red boundary in 
Fig. 2.1a and more details in Fig. 2.1b) covers approximately 109,973 km
2
 (about 22% of the 
country’s area) in the northern part of the country and divided into 4 sub-basins, associated with 
the Ping, Wang, Yom, and Nan Rivers, which together are called the UCP.  
  
a) 25 main river basins in Thailand b) The Upper Chao Phraya River basin 
 




The upper part of this basin is mountainous ranges, but the lower part is a floodplain area (Lower 
Yom and Nan sub-basins or UCP’s flood prone area). In fact, the UCP is important as a large 
freshwater source; however, it generates a tremendous flood volume and causes damage in the 
UCP’s flood prone area and its adjacent lower basin (Lower Chao Phraya River basin, LCP – see 
Fig. 2.1a dark blue boundary). As shown in Fig. 2.1b, there is totally different in topography that 
vary between 2,579 and 14 meters above the mean sea level (m MSL.). Rivers flow from the north 
to the south, and there is a confluence at C.2 (river discharge gauging station that covers 
approximately 109,973 km
2
  (UCP’s outlet) of total watershed area) in Nakhon Sawan province. 
There are 2 large reservoirs (Bhumibol reservoir on the Ping River and Sirikit reservoir on the Nan 
River) located in the basin that have approximately 23 km
3
 in total storage capacity; however, 
approximately 11.6 km
3
 (on average) was observed at the end of October (Department of Water 
Resources, 2007), which was assumed to be the effective storage because it coincided with the end 
of the annual monsoon season. 
 
This dissertation focused on the UCP (Fig. 2.1b) to assess its water resources problems and 
solutions. There were a couple reasons to select this area as the study basin. First, the UCP 
contents with both flooding and drought and the problems tend to increase in terms of magnitude 
and frequency (e.g., Molle, 2007; Ekkawatpanit et al., 2009; Pavelic et al., 2012). Second, 
approximately 80% of agricultural area in the basin are rain-fed. In addition, there is no explicit 
plan  to develop the rain-fed but the sure thing is structural measure has not planned for since 
economical reason (Royal Irrigation Department, 2010). Furthermore, it is the vulnerability area 
because a production from that area (mainly is rice) depend on natural driving. Extreme 
hydrological events have been observed and projected increasing trend. Therefore, it should have a 
sustainable option for this area to cope with uncertain events or even take advantage of the nature. 
  
2.1.2 Land use and soil data 
The Department of Water Resources (2007) classified the total area of the UCP (Fig. 2.2a) into 
forests (60.0%), agricultural areas (35.6%), water bodies, urban areas, and other land uses (4.4%). 
Almost agricultural area is paddy field and approximately 80% of paddy fields are classified as 
rain-fed (Fig. 2.3) that relies on rainfall (Royal Irrigation Department, 2010). Land use type is 




(2003) and Rushton et al. (2006). Given that land use is a dynamic parameter, it is difficult to 
predict future land use changes. Therefore, for the sake of simplicity, this study did not consider 
land use change. In addition, according to Petchprayoon et al. (2010), over the period from 1990-
2006, there were -2.51, -0.08, +132.20, and +74.56% changes for forests, agricultural areas, urban 
areas, and water bodies, respectively, in the Yom sub-basin. Although the urban areas and water 
bodies showed high percentage increases in area, they accounted for only 1.94 (urban) and 0.30 
(water bodies) % relative to the entire Yom basin. According to a few percentages of land use 
change (relative to the entire basin), it would be reasonable to assume that it may only have a 
trivial effect in the study. 
 
Soil data and aquifer properties (Fig. 2.2b) were based on the Department of Groundwater 
Resources’ reports (Department of Groundwater Resources, 2011a; 2011b; 2011c; and 2012). 
Transmissivity, the storage coefficient, and the spatial distribution of the effective porosity over 




, 2.5 × 10
-5
, and 0.07-0.22, respectively.  
  
a) Land use and location of reservoirs b) Hydro-geological map of the UCP (source: 
Department of Groundwater Resources) 





a) Agricultural area in the UCP b) Irrigation area in the UCP 
 
 
Fig. 2.3 a) Spatial distribution of agricultural 
area, b) irrigation area, and c) a 5′ × 5′ grid 
based of area growing with rice (green shading 
area) in the UCP in this study 
 
c) Spatial distribution of area growing with rice 





The UCP is in a tropical zone that is usually dominated by two distinct monsoons: the rainy 
southwest monsoon and northeast monsoon. The southwest monsoon usually starts from May to 
October (wet season) and brings moist air from the Indian Ocean into Thailand contributing a 
seasonal rainwater over the country. In fact, not only the southwest monsoon, but also an 
intertropical convergence zone and tropical cyclone are forcing phenomena for supplying rainfall 
over Thailand (Thai Meteorological Department, 2015) 
  
  
a) Distribution of high rainfall intensity in the 
UCP 
b) Distribution of maximum temperature in the 
UCP 
 
Fig. 2.4 a) Spatial distribution of high rainfall intensity ( ≥ 90 mm day
-1
) and b) observed 
maximum temperature in the UCP  
 
Usually, there are 2 peaks of seasonal monsoons in the UCP. May is usually the first peak of 
rainfall in the basin that is driven by intertropical convergence zone. During June−July, this period 




rainfall. The monsoon path moves from the east (Nan sub-basin) to west (Ping sub-basin) and 
downward from the north to south along a river flow direction. Fig. 2.4a shows spatial distribution 
of high rainfall intensity (≥ 90.0 mm day
-1
; based on the Thai Meteorological Department) in the 
UCP. According to the figure, it is clearly seen that the sub-basin Nan and Yom are relatively high 
risk to flooding and landslide since nearly the entire area predominated by high rainfall intensity. 
In the middle of Novermber to April, dry period, the basin is predominated by northeast monsoon 
that brings a dry air from the China mainland to predominate the area and usually causing 
temporary drought (Thai Meteorological Department, 2015). From 1986 to 2000, there was an 
average annual rainfall of approximately 987 mm, and almost 88% of this rainfall occurred during 
the wet season and 12% occurred during the dry season (Pratoomchai et al., 2014). 
 
Nan basin is the area that receives a lot of rainwater relative to other area since it is a windward 
basin. Based on statistic wet years, which define as rainfall above average value (987 mm), usually 
occur in three or four years such as in 1983, 1994, 1995, 1996, 2002, 2006, 2009, and 2011. 
Pavelic et al. (2012) note the wet years in the UCP is not a random event, but usually take place in 
every 4 years. Since the historical record of Thailand, the 2011 event has been the extremely wet 
year because approximately 140% of rainfall was observed over the average (Komori et al., 2012, 
2013; Kotsuki et al., 2014).  
 
Table 2.1 Air temperature over the UCP (Thai Meteorological Department, 2015) 
Temperature (⁰C) 
Season 




Mean 27.3 28.0 Data over 1971-2000 
Mean maximum 32.2 35.8 Data over 1971-2000 
Mean minimum 21.4 23.7 Data over 1971-2000 
 
According to the Thai Meteorological Department (2015), an average value of air temperature over 
the UCP is shown in Table 2.1. Based on the figures, there are very small inter-variations (the 
mean values) between the wet and dry seasons. However, a 44.5 ⁰C (in Uttaradit province) and 0.8  




basin. In addition, spatial distribution of maximum temperature over the period 1987-2007 has 
been provided in Fig. 2.4b. 
 
2.1.4 Water resources and water demand 
Fig. 2.5 shows overview proportion among total surface water (runoff), storage (water contained in 
reservoirs), and water demand in the northern region and for the whole country. It would note that 
there is the runoff over the demand in the northern area and even the whole country. However, 
there is surface water shortage every year (more detail will be discussed in chapter 4). As shown in 
section 2.2, there are almost zero discharge during the dry season at main river gauging stations 
except stations subject to reservoirs operation. This fact indicates about seasonal variability of 
water resources in the UCP, which will be analyzed more details in chapter 3. However, based on 




in mean river discharge, or approximately 
210 mm year
-1
, which equivalents to 21.3% of mean annual rainfall. 
 
 
Fig. 2.5 Comparison of water budget and water demand (source: Royal Irrigation Department, 
2010) 
 
In terms of water uses (Royal Irrigation Department, 2010), 18% is conserved for environmental 
requirement, 15% is distributed for people’s consumption, 1.6% goes to industrial sectors, 0.4% 
contributes to livestocks, and the rest of 65% is needed by agricultural sectors. Molle (2007), 
Patanee (2006), and Royal Irrigation Department (2010) note agricultural water demand will 
increase because rice growing areas increasing (Fig. 2.6a). As mention in section 1.1.2 (chapter 1) 















rain-fed in the dry season. Groundwater is used for supplying the rice water demand. In addition, 
the Department of Grounwater Resources and the Royal Irrigation Department have planned to 
develop irrigation areas using groundwater. Thus, the role of groundwater in this basin will be 
important in terms of supporting water source.     
  
 
Fig. 2.6 a) Rice production area in Thailand and the UCP in the dry season (off-seasonal crop) and 
b) rice yield and its unit price (source: Office of Agricultural Economics) 
 
2.2 Data and sources  
2.2.1 Hydro-meteorological data 
K10 data 
To simulate the set of developed mathematical models, a hydro-meteorological dataset was 
prepared for the input to the models and model calibration. For the land surface module (LSM), 
Kotsuki et al. (2010), data for the following seven variables were collected on a daily basis at a 5.0′
× 5.0′ spatial resolution: precipitation, wind speed, surface pressure, surface air temperature, 
specific humidity, longwave downward radiation, and shortwave downward radiation. Data from 
1981 to 2004 were collected in a dataset named the K10 dataset. The spatial annual distributions at 
a 5.0′×  5.0′ of 7 variables were shown in Fig. 2.7. This dataset is distributed under an 
international project named IMPAC-T (Integrated Study Project on Hydro-Meteorological 
Prediction and Adaptation to Climate Change in Thailand), which is supported by Japanese 
Government over the 5 years project study (2008-2013). The K10 is fed to H08 model, which is 




























































































- Office of Agricultural Cononomics, Thailand





Table 2.2 Meteorological variables for LSM and available on http://fxp.nies.go.jp (Hanasaki and 
Mateo, 2012; Kotsuki et al., 2010) 
Variable Unit Remark 
Albedo −  










 No need for the UCP (no snow in Thailand) 
Wind speed m s
-1
  
Specific humidity kg kg
-1
  
Air temperature K  
Long wave downward radiation W m
-2
  















































   
 


























   
 













   
 
Fig. 2.7 (cont.) Spatial distribution of annual climate variables (K10-data) in the UCP 
 
Table 2.3 Drainage area of main gauging stations in the UCP 
Station Sub-basin Drainage area (km2) Lon. Lat. Remark 
P.1 Ping 6,350 98.94 19.15  
P.7A Ping 42,464 99.37 16.46  
P.17 Ping 45,297 99.88 15.95  
W.4A Wang 10,493 99.11 17.13  
Y.1C Yom 7,749 100.13 18.22  
Y.6 Yom 12,769 99.79 17.55  
Y.5 Yom 22,344 100.30 16.12  
N.1 Nan 4,560 100.81 19.10  
N.12A Nan 12,579 100.54 17.73  
N.60 Nan 18,447 100.13 17.41  
N.5A Nan 25,039 100.30 16.90  
N.7A Nan 27,897 100.39 16.80  
N.67 Nan 57,384† 100.39 16.03 †After the merging of Yom River 










The Royal Irrigation Department is the organization in charge for collecting and measuring river 
discharge in Thailand. Fig. 2.8 and Table 2.3 show location of 14 main river discharge gauging 
stations and their details in the UCP. As mentioned earlier, there are 2 reservoirs on the Ping River 
and the Nan River, thus some stations are subject to the operation of the reservoirs. Fig. 2.9 shows 
mean monthly river discharge of 8 gauging stations. There are almost zero discharge from January 
to April at the stations that free from a supply by the reservoirs (more discussion will further 









Sirikit reservoir (≈ 9.5 km
3
 in total 
storage) 
 
Fig. 2.8 Location of river discharge gauging stations (left) in the UCP and the photo of Bhumibol 



































































































































































































Observation of groundwater 
For the purpose of model calibration and validation including interpreting a role of groundwater to 
buffer surface water shortage as well as interaction between flood inundation and groundwater, 
observation of groundwater levels are needed. However, there are limitation of the observation 
data available in the UCP or even in Thailand. However, observed mean groundwater levels in the 
Lower Yom and Nan sub-basins (Fig. 2.10) were obtained from the Department of Public Work 
and Town & Country Planning, Thailand, and were used to validate groundwater flow module. On 
the purpose of studying an interaction between flood inundation and groundwater, approximately 
26 observation wells with their locations (green dots) are shown in Fig. 2.11 were collected and 
provided by the Department of Groundwater Resources, Thailand. These data measured in 
monthly time interval from 2007 to 2013. In addition, the figure also shown the 2011 flood 
inundation area (red shading area), which covered almost the entire area of Lower Yom and Nan 
sub-basins.  
  
Lower Yom and Nan sub-basins (hatched area) Interpolation of mean groundwater level in 
Lower Yom and Nan sub-basins 
Fig. 2.10 Spatial distribution of the groundwater observation wells in the Lower Yom and Nan 








Fig. 2.11 Location of groundwater observation wells in the UCP’s flood prone area (left) and 
groundwater pumping well for rice production in Sukhothai province (right) (source: Department 
of Groundwater Resources) 
 
GCM data  
In order to project future hydro-meteorological changes 5 GCMs were selected, namely:  
1) MIROC-ESM-CHEM (MIROC) from the National Institute for Environmental Studies, 
Japan;  
2) HadGEM2-ES (HadGEM) from the Met office Hadley Centre, England;  
3) GFDL-ESM2M (GFDL) from the Geophysical Fluid Dynamics Lab. USA;  
4) IPSL-CM5A-LR (IPSL) from the Institute Pierre Simon Laplace, France; and  
5) NorESM1-M (NorESM) from the Norwegian Climate Centre, Norway, which were also 
selected from the latest World Climate Research Program’s Coupled Model Inter-Comparison 




checked in the Inter-Sectoral Impact Model Intercomparison Project (http://www.isi-mip.org/) 
(Hanasaki et al., 2013). 5 GCMs from different climate research institutes were selected to reflect 
uncertainties in the GCMs. 3 greenhouse gas emission scenarios, called Representative 
Concentration Pathways (RCPs) (van Vuuren et al., 2011), including low (RCP2.6), intermediate 
(RCP4.5), and high (RCP8.5) levels of emissions, were used for projecting future climate over the 
period 2026-2040. 
 
In this dissertation, the GCM data that mention above can be obtained from the Global 
Meteorological Data Server, National Institute for Environmental Studies, Japan 
(http://www.nies.go.jp). This is a global data sharing center, but people who are likely to download 
the data were requested to register first for accessing permission. 
 
  
a) Repeated flooding area in the UCP b) Soil drainage conditions in the UCP 
 





2.2.2 GIS and remote sensing data 
Shapefiles (e.g., river network, basin delineation, governmental boundaries, hydro-meteorological 
gauging points/ stations, land use/ land cover, and so forth) that have been conducted in this study 
were collected from the Department of Water Resources (for example Fig. 2.12a, 
http://www.dwr.go.th/), the Royal Irrigation Departmen (http://www.rid.go.th/), the Thai 
Meteorological Department (http://www.tmd.go.th/), the Land Development Department (Fig. 
2.12b, http://www.ldd.go.th). Digital Elevation Model or Map (DEM) with a 30 m × 30 m in the 
original spatial resolution that used through this dissertation is belong to the Department of 
National Parks, Wildlife and Plant Conservation (http://www.dnp.go.th/). However, the original of 
the DEM was re-scale to a 1,000 m × 1,000 m for simulating flood inundation. Satellite image data 
of observation of the maximum annual flood inundation areas (over the period 2005-2012, Fig. 
2.13) were obtained from the Geo-Informatics and Space Technology Development Agency  or 
GISTDA (http://flood.gistda.or.th/). However, as noted by the GISTDA, it was approximately 80 
to 90% in accuracy of inundation extended using satellite data. 
 
     




Fig. 2.13 Spatial distributions of maximum annual flood inundation areas in the UCP’s flood prone 
area (Lower Yom and Nan sub-basins) 
 




2.2.3 Other data 
Socioeconomic that related to people and standards of living (e.g., population, income, poverty 
line− Fig. 2.14) and agriculture (e.g., policy, production area,  and yield) in the UCP were also 
needed for this dissertation. Therefore; various Thai governmental departments, i.e., the National 
Statistical Office (http://www.nso.go.th/), the Office of Agricultural Economics 
(http://www.oae.go.th/), the Department of Agriculture (http://www.doa.go.th/th/), the Land 
Development Department (http://www.ldd.go.th/), and Department of Disaster Prevention and 
Mitigation (http://www.dppm.go.th/) have been accessed for obtaining and utilizing their data. As 
shown in Fig. 2.15, it is the statistical recorded of economic loss due to flooding and drought over 
the period 1989-2011. In addition, for example, Yom sub-river basin is suffed from flooding and 
drought every year this evidences by photos as also shown in Fig. 2.15. 
 
 
Fig. 2.14 Poverty line in Thailand (source: Office of the National Economic and Social 





























































































































































Fig. 2.15 Flood and drought damages in Thailand (1989-2011) (left) and an example of a duality 









































































































































Flooding in the Sukhothai province 
(September, 2014) 
Drought in the Sukhothai province −  
riverbed changed to a temporary 






MATHEMATICAL MODEL DEVELOPMENT AND ITS PERFORMANCE 
TO ASSESS CHARACTERISTICS OF WATER RESOURCES IN THE UCP  
  
3.1 Mathematical models and their governing equations  
3.1.1 H08 model 
H08 is global water resources model which was developed and integrated by Hanasaki et al. 2008a 
and 2008b. The model consists of 7 modules, i.e., land surface, river routing, reservoir operation, 
crop growth, water withdrawal, environmental flow, and virtual water trade modules, as shown in 
Fig. 3.1. The model domain covers a land area globally with a 1.0⁰ × 1.0⁰ and 0.5⁰ × 0.5⁰ spatial 
resolutions.  However, this study focused on a regional scale, thus the above resolution may not 
suitable for the UCP. According to the IMPAC-T project, this model has been downscale to a 5′ × 
5′ spatial resolution and covered both UCP and LCP (Hanasaki and Mateo, 2012; Hanasaki et al., 
2014). However, some modules have a limitation such as crop growth, water withdrawal, 
environmental flow, and virtual water trade. Therefore, only 3 modules namely land surface, river 
routing, and reservoir operation modules were conducted in this study. Brief description of each 
particular module will be outlined as follows. 
 





Land surface module  
Land surface module (LSM) used the surface water balance concept and was originally developed 
by Manabe (1969) and Robock et al. (1955). Hanasaki et al. (2008a; 2008b) used the original 
concept of the surface water balance to construct the LSM for the H08 model, which is able to 
simulate diurnal soil-surface water balance. The LSM calculates soil-surface water balance, which 





 inf   (3.1) 
 
where w is the soil water content (kg m
-2









, this value is assign to zero because there is no snowfall in Thailand), Qsm is the snow 













), respectively. For H08, the intention of the model design is to evaluate the 
effect of the diurnal surface temperature cycle; therefore, the earth’s surface energy balance, Eq. 
(3.2), was also considered in the governing equations. 
 
GHlEsTLWSW 
4)1(     (3.2)  
 
where  , SW↓, LW↓, 4sT ,  , Ts, l, E, H, and G are the albedo coefficient (−), the downward 
shortwave radiation (W m
-2
), the downward longwave radiation (W m
-2
), the upward longwave 
radiation (W m
-2
















), the sensible heat flux (W m
-2




River routing module 
A virtual straight-line river element concept from the Total Runoff Integration Pathways (TRIP) 
model, which was developed by Oki and Sud (1998), was integrated into the H08. There are 6 








), cell area (A, 
m
2
), and routing time step size (∆t, sec), as written in Eq. (3.3) and Fig.3.2. 
 
tRivOutAQtotRivInfRivSto  )(  (3.3) 
 
 
Fig. 3.2 Schematic sketch of river routing module (source: Hanasaki and Yamamoto, 2012) 
 
 
Fig. 3.3 Simplified upper reservoir rule curve and seasonal-released-downstream discharge  
 
Reservoir operation module 
Actually, a real reservoir operation is complicated and difficult to model. However, the reservoir 


































































seasons) released flows were determined from historical reservoir operations data (Bhumibol and 
Sirikit reservoirs) for normal regulation. In extreme situations (drought and flood), the model will 
release zero discharge if the storage volume is less than the dead storage (i.e., 3.80 and 2.85 km
3
 
for the Bhumibol and Sirikit reservoirs, respectively) and release more discharge to keep the water 
level in the reservoir below that which is allowed by the simple upper rule curve (black line), if the 
reservoirs receive a large inflow (Hanasaki and Mateo, 2012; Mateo et al., 2014). This operation 
will affect only the river discharge of the downstream reservoirs (e.g., C.2 gauging station). 
 
3.1.2 Flood inundation model 
Hydraulic river routing is applied for further assessing an interrelationship between flood 
inundation and groundwater in the UCP’s flood prone area as shown in Fig. 3.4 (left). In fact, the 
H08 model cannot simulate flood inundation. Therefore, the 1-D Saint Venance equations that 








































where A is cross-sectional flow area (m
2




), q is side flow (inflow per 
unit area), v is flow velocity (m sec
-1
), h is flow depth (m), n is Manning’s roughness (0.027 for 
river and 0.045 for floodplain), and g is the gravitational acceleration (m sec
-2
). An explicit finite 
difference scheme called the MacCormack was applied to estimate the solution of Eq. (3.4) and 
Eq. (3.5). This scheme was suggested by Chaudhry (2008) as a good scheme without special 
techniques to capture a shock wave (e.g., sudden change in water level). Eq. (3.6) is continuity 
equation for 2 dimensional flow, while Eq. (3.7) and Eq. (3.8) are simplified form of the 
momentum equation in the x and y directions, respectively, which ignore nonlinear terms since 
































































) in the x direction 




) in the y direction 
 
To calculate flow over riverbanks (definition sketch is shown in Fig. 3.4 (right)), a simple weir 




















LLOverflow gHHLCQ 2  (3.9) 
 
where C is a weir coefficient (0.35 for this study), L is an overflow width (15 m per river node), 
and HL = Ha-Hb is flow depth. And the numerical solution (finite difference scheme) of the Eq. 
(3.6) − Eq. (3.9) are well documented and available in Kazama et al. (2007). 
 
3.1.3 Groundwater flow model 
Groundwater recharge module 
In this study, we simplified an approach and focused on the distribution of groundwater recharge 























Start of the day:





































SMD’  = Soil Moisture Deficit at start of a day
SMD   = Soil Moisture Deficit at end of a day
GWR   = Groundwater recharge
Nsss’   = Near surface soil storage at start of a day
Nsss    = Near surface soil storage at end of a day
Nsss ≥ 0Nsss = 0 Nsss > 0
Start of the day:
End of the day:
Start of the day:




)1()'inf(' FNSSSRoENsssRaSMDSMD   (3.10)  
 
where SMD′, SMD, Rainf, E, Ro, Nsss′, and FNSSS are the initial soil moisture deficit (mm), final 
soil moisture deficit (mm), rainfall (mm), evaporation (mm), runoff (mm), near-surface storage 
(mm), and near surface storage coefficient (−), respectively. For example, there are 0.00, 0.40, and 
0.75 for coarse sandy, sandy loam, and clay loam in FNSSS values, respectively. The simulation 
ran from the 1
st
 of November (at the end of the monsoon period) to an assumed initial condition of 
SMD′ equal to zero. Over 1981-1985, a 5-year period was used as the pre-simulating period; the 
resulting soil moisture deficit on the 31
st
 December 1985 was assigned for the initial condition of 
the reference period (1986-2000).  Calculation steps and occurrences of groundwater recharge on a 








Fig. 3.6 a) Definition sketch of groundwater and river interaction, b) river induced infiltration, and 
c) river nodes  


























Hydraulic conductivity of streambed
Tickness of streambed




















As (I,J)=w x dx







































The river source or sink (recharge or discharge into or out of river nodes – Fig. 3.6a, respectively) 
was also considered for the estimation of recharge for the groundwater flow module. This 
estimation was a function of streambed properties and was different between the water levels in the 














  (3.11) 
 




), P (m day
-1
), m (m), h (m), and sA (m
2
) are recharge or discharge from 




), thickness of 
the streambed (0.3 m), difference in water levels between a river and an aquifer, and area of 






, Fig. 3.6c), respectively. 
 
 
Fig. 3.7 Definition sketch of conservation of groundwater flow using the Darcy’s law 
 
Groundwater flow module 
A finite difference grid-based system (Fig. 3.7) with a 5′ × 5′ (the same as the H08 spatial 
resolution) and tri-diagonal matrix constructed by Gaussian elimination were used for transforming 
a governing partial differential equation (Eq. 3.12) to a finite difference equation (FDE) and 
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) in the x and y directions, the 
groundwater level (m), the storage coefficient (2.5 × 10
-5
), and the groundwater recharge and 
discharge rates (m day
-1
) from rainfall over a land area and river-induced infiltration, respectively. 
For the sake of simplicity, we assumed that the transmissivity of the aquifer was the same in the x






  gndAGSLGWLGWS  )50(  (3.13) 
 
Groundwater storage (GWS) is estimated by Eq. (3.13) that calculated the total water vertically 
integrated over the aquifer, the effective porosity (ng), and grid area (dA). Definition sketch of each 
variable is illustrated in Fig. 3.8a, b. 
 
3.1.4 Rice water demand model 
According to the specific characteristics of the study basin in the UCP, approximately 71% of total 
water use was accounted for agricultural sectors (Patanee, 2006; Department of Water Resources, 
2007; Royal Irrigation Department, 2010). Among the several types of crop that grow in the basin, 
rice is the most popular because it is a cash crop. To simplify this study, we only considered the 
water demand from rice cultivation. From the land use classification in the UCP, approximately 
40,570 km
2
 distributed over the UCP was assumed to be growing rice area in this study (Fig. 3.9a). 
A percentage of the agricultural area was used for an irrigation project, but approximately 80% of 
the total agricultural area had no irrigation system (Royal Irrigation Department, 2010) and relied 
on rainfall; thus, it was referred to as rain-fed. Therefore, we assumed the whole area of 40,570 
km
2







oETcKCWR   (3.14) 
 
where CWR , CK , and OET are the crop water requirements (m day
-1
), crop coefficient (dimension 
less), and reference crop evapotranspiration (m day
-1
), respectively. The crop coefficient in this 
study was rice, and its value varied according to crop age (after planted). 
 
 
a) Transection of aquifer depth across the Sukhothai 
and Phitsanulok provinces (source: modified from 
Department of Grondwater Resources) 
 
 
b) Definition sketch of simplified aquifer 
depth 
 
Fig. 3.8 a) Transection of aquifer depth across the Sukhothai-Phisanulok province and b) 
conceptual sketch of the simplified aquifer depth and groundwater storage 
 
 
























where ETO = reference crop evapotranspiration,   = slope of saturation vapor curve (−), Rn = net 








),   = psychrometric 
constant (kPa ⁰C-1),  T = mean air temperature (⁰C), U = wind speed at 2 meters above the ground 
Skhothai Phitsanulok
High yield (Chao Praya aquifer)
Moderate yield (Chiang Rai aquifer)











































Effective porosity       



















), es-ea = saturation vaper pressure deficit (kPa). Details of calculation procedures of the 




Fig. 3.9 a) Areas of rice cultivation in the UCP, b) Rice development, and c) Schematic diagram of 
rice water demand 
 
The Royal Irrigation Department (2012) has performed studies and experiments for evaluating 
crop coefficients in Thailand, and we adopted this coefficient for the study. Fig. 3.9b illustrates the 
development of the rice coefficient based on crop age, and this was the specific value for the crop 
species. For the reference crop evapotranspiration, we used the Penman-Monteith method to 
estimate the OET . The  OET is dependant on key climatic variables, such as surface air 
temperature, wind speed, humidity, and surface radiation. 
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Rice Water Demand 
(RWD)
Max. Storage (120 mm)
Nor. Storage (90 mm)
Min. Storage (45 mm)
a) c)
b)
Weeks 1 2 3 4 5 6 7 8 9 10 11 12 13 14




Rice water demand  RWD  was estimated as a function of the crop water requirement, percolation 
loss, and effective rainfall, as shown in Fig. 3.9c and Eq. (3.15). Based on field observations, 
Kirdpitugsa and Kayankarnnavy (1995) revealed the percolation loss from paddy fields in the 
Chao Phraya River basin as varying from 0.9 to 1.5 mm day
-1
. In this study, we used a mean of 1.2 
mm day
-1
 for the entire area of 40,570 km
2
. There were three conditions to consider in estimating 
the RWD . First, if the effective rainfall exceeded 120 mm, we set the effective rainfall equal to 120 
mm and the excess rainfall is assumed to be drained from a field (maximum storage in a field = 
120 mm). Second, the normal water storage in a field is assumed to be 90 mm. Third, if the water 
storage falls to 45 mm, it is assumed that water is required to provide storage at a normal level. 
 
3.1.5 Water Sufficiency Index  
The Water Sufficiency Index (Eq. (3.17)) or WSI  was proposed by Ekkawatpanit et al. (2009) to 
evaluate the spatial distribution of surface water resources for a river basin. WSI is defined as the 
ratio of the difference between the available surface water and the water demand (Roi – Wdi) to the 








 WSI  (3.17) 
A negative value of the WSI indicates that a water shortage occurs in the river basin considered. 
For this study, we applied the WSI  concept to the rectangular 5′ × 5′ grid system rather than to 
each river sub-basin as a whole to assess the temporal and spatial distribution of water shortage. 
 
3.1.6 Statistical criteria for model validation  
In this study, the Nash-Sutcliffe coefficient (Ef) has been used in model calibration and validation 
for comparing performand of models result to observation (its values vary from 1.0 (perfect fit) to -
∞ (no correlation)). The Ef  was proposed by Nash and Sutcliffe (1970), as written in Eq. 3.18, is 
defined as one minus the sum of the absolute squared differences between the predicted and 





















































0.1  (3.19) 
 
where Oi, Pi, and O
 
are observed value and estimated value at the i
th
 , respectively, and mean 
value of the observed values over the considered period. Eq. (3.19) calls Index of Agreement 
(Willmott, 1981) which is another one popular in statistical criteria for hydrological model 
validation. Its values vary from 1.0 (perfect fit) to 0.0 (no correlation at all). Well document 
described how each statistical criteria work can be found in Krause et al. (2005). 
 
3.2 Model simulations and validations  
3.2.1 H08 model 
Mateo et al. (2012) and Hanasaki et al. (2014) proposed optimized parameters for the regional 
version of the H08 model in the LSM (i.e., soil depth 3.0 m, bulk transfer coefficient 0.006, and 
shape parameters γ and τ equal to 2.3 and 120 days, respectively), which were applied in this study. 
As shown in Fig. 3.10, they were the monthly spatial mean (1986-2000) of three key hydrological 
variables from the LSM, and the summation (mean annual) of each variable is equal to 987 mm, 
810 mm, and 177 mm for the rainfall, total runoff, and evaporation, respectively. These values 
were driven by the monsoon paths that usually move from east to west; therefore, a recession from 
1,100 mm (in the Nan basin) to 800 mm (in the Ping basin) of the mean annual rainfall is presented 
in colour shading in Fig. 3.10 (rainfall). Based on the simulation, we obtained a ratio of mean 
annual surface runoff to annual rainfall or runoff coefficient of approximately 0.18. This 
coefficient was consistent with other studies, such as Petchprayoon et al. (2010) and 
Sriwongsitanon and Taesombat (2011), which were conducted in the Yom and Ping basins (sub-




through evaporation, and this simulated figure of evaporation was consistent with both observed 
data and other model simulations, e.g., Komori et al. (2012) and Kotsuki and Tanaka (2013).  
 
The coupling model (H08) was simulated according to the results from the LSM, river routing 
module, and reservoir operation module to provide the river discharge. Comparing the monthly 
river discharge between the simulated and observed data at C.2, which is the river outlet of the 
UCP, yielded a 0.78 in Nash-Sutcliffe coefficient (Ef). However, the consistency between 
simulation and observation for other gauging stations (insight the basin) varied from 0.49 to 0.95 
in Ef values (see Fig. 3.11). In case of the W.4A station (Wang sub-basin), the simulation showed 
slightly over estimate and big difference in the year 1994 (flood year) since there were two 
reservoirs (Kew Khoma and Kewlom reservoirs) operation but did not involve in this study. In 









. This big difference resulting from the Sirikit reservoir operation. At 
that time, there were monsoons hitting the Yom and Nan sub-basins therefore the reservoir releases 




 from July to October) downstream 
in order to get more empty space for retarding flood volume, which was expected from coming late 
monsoon. As shown in the results, the model failed to capture that reservoir operation in 1995. In 
addition, there are some general cautions to use the H08 model − the scheme that constructed in 
the runoff estimation is not so good to respond to fast rainfall (the model fails to capture the peak 
discharges). In fact, this model was designed to simulate and assess a long-term water resources of 
a large river basin scale (e.g., watershed area ≥ 10,000 km
2
 (Hanasaki et al., 2014)). For this study, 
the consistency among the simulated surface runoff, evaporation, and river discharge, observed 
data, and results from other studies proved that the H08 were fairly well to mimic the surface 






























   


















   
























   



























   























































































































































































































































































































































































































































































































































































































































































































































3.2.2 Flood inundation induced groundwater  
Flood inundation 
Flood is the thread of the basin production (rice growing area). As shown in Fig. 3.12, it is annual 
flood inundation areas in the UCP’s flood prone. Over the period 2005-2012, there were annual 
inundation areas varied between 1,148 km
2
 and 8,873 km
2
. These figures were estimated from 
satellite image data (the data available on http://flood.gistda.or.th). Using the flood inundation 
model, there were annual inundation varied between 1,106 km
2
 and 7,041 km
2
. Comparison 
between the model results and observations yielded a 0.93 in Ef value (Fig. 3.12). Actually, the 
model showed a slightly lower estimate. However, if we look at event by event, it would say that 
the model did a good job if the flooding scale lower than 6,000 km
2
 in inundation areas. 
 
 
Fig. 3.12 Comparison of maximum annual flood inundation areas in the UCP’s flood prone area 
 
Fig. 3.13 shows spatial distribution of annual flood inundation areas for the 2006, 2010, and 2011 
events. They were medium, slightly big, and huge flooding scales that took place in the basin. As 
shown in the figure, the 2011 flood event was the largest natural disaster in the country’s history. 
The inundation area covered almost lowland area of the basin (blue shading area (observation) – 
65% of the UCP’s flood prone). That event called for the government to set up a policy on future 
flood management. If we look at the distributions of inundated areas, we would note that along the 

















































) Geo-Informatics and Space Techonology Development Agency or
GISTDA (Satellite data)












River, this area is often suffered from flooding even the years that recorded low momentary peak 
such as in 2008, 2009, and 2012.  
 
Among flooding countermeasures, floodways were proposed by Royal Irrigation Department, 
which is the main organization in charge of flood managing in Thailand, to mitigate and protect 
potential loss from future floods (Royal Irrigation Department, 2014). However, there might be 






















Fig. 3.13 Spatial distribution of flood inundation areas in the UCP’s flood prone area. a) 
observation of repeated inundation areas excluded wetlands (ground observation), b) to c) 
observation of inundation areas (2006 and 2011 events) included wetlands (satellite data), d) and e) 
simulation of inundation areas (2006 and 2011 events)          





There are scientific evidences (e.g., Kazama et al., 2007; 2009; Pavelic et al., 2012) that flood 
inundation generates a significant amount of groundwater. On the contrary, this area always suffers 
from drought (or surface water shortage that will be discussed in the next chapter) in the dry 
season. In fact, whenever surface water is not available, groundwater is the source that people look 
for. Therefore, an interaction between flood inundation and groundwater was investigated to fulfill 
our knowledge and figure out sustainable solution to manage water resources in this basin.   
 
Fig. 3.14 Spatial distribution of groundwater levels (m) below the ground surface in the UCP’s 
flood prone area 
 
Flood inundation induced groundwater 
To assess the interaction between flood inundation and groundwater in the UCP’s flood prone area, 
the groundwater flow model was downscaling to a 1.0 km × 1.0 km spatial resolution. According 
to the fact that flood inundation usually takes place in middle of August and overs in October; 
therefore, it would reasonable to assume that a difference of groundwater levels in this interval is 
driven by flood inundation. During the model simulation, the study assumed a 30 cm day
-1
, which 











Fig. 3.15 Comparison of simulated (red line) 
and observed (dot circle) groundwater levels in 
the UCP’s flood prone area 
 
Fig. 3.14 shows spatial distributions of groundwater level in the UCP’s flood prone area during 
flood inundation period. Their elevations are relative to the ground surface. Fig. 3.15 presents 
temporal variability of groundwater levels of five observation wells (see Fig. 3.4a). We would note 
that simulated results were good enough to mimic the observed data from 2008 to 2010. For 






























































































































































































































































































































































































































































































































































































































































groundwater was much extracted for rice production. In fact, the main focus of this section was 
figure out inundation driving on groundwater storage. In the light of this, it may ignore 
groundwater pumping from this calculation.  
 
Fig. 3.16 Flood inundation induced groundwater storage in the UCP’s flood prone area 
 
To estimate groundwater storage based on Eq. (3.13), first calculate total depth of groundwater 
level for each particular event. These figures obtained from the difference of groundwater levels 
between October and the middle of August as shown in Fig. 3.14. According to the Department of 
Groundwater Resources, effective porosity of the aquifer in the area is approximately 0.22 or 22%. 
And the calculated grid area was 1.0 km
2
. Therefore, the flood inundation driven groundwater 
storages or flooded groundwater storage (FGS) were estimated as shown in Fig. 3.16. It was 
clearly seen that the FGS showed a strong relationship with flood magnitudes (inundation areas). 
Thus, I would note that this finding will be useful for first evaluating flood protection impact on 
groundwater reduction in the basin. 
 
3.2.3 Groundwater resources in the UCP 
Groundwater recharge 
Rainfall over land area was the main driving variable that accounted for the groundwater recharge. 
Therefore, as shown in Fig. 3.17, nearly 100% of the groundwater recharge occurred in the wet 
season (May to October). Based on the model simulations, the spatial average of the mean annual 
groundwater recharge was approximately 10.6 km
3







































area) or approximately 93 mm, which was equivalent to 9.4% of the mean annual rainfall (1986-
2000).  
 
    
January February March April 
    
May June July August 
    
September October November December 
Fig. 3.17 Spatial distribution of average monthly groundwater recharge (1986-2000) 
Although observed groundwater recharge data was not available in the UCP, other studies 




suggested that the mean annual groundwater recharge in the sub-basins in the UCP varies from 70 
to 140 mm depending on rainfall and aquifer properties. The estimation of groundwater recharge is 
difficult to perform for hydrogeology. However, our estimation occurred within the range that was 
found in the literature available in the basin. 
 
a) Lower Yom and Nan sub-basin (hatched area)  
 
b) Mean groundwater level  
 
c) Comparison of the mean simulated and observed spatial 
groundwater levels 
 
Fig. 3.18 a) Lower Yom and Nan 
sub-basin (where the observation of 
groundwater available), b) spatial 
distribution of groundwater level in 
the Lower Yom and Nan sub-basin, 
and c) comparison of mean  simulated 








































The maximum recharge of approximately 7.5 km
3
 recharge volume or 70.7% of the total mean 
annual recharge occurred in August and September. Changes in the colour shading of groundwater 
recharge are illustrated in Fig. 3.17 and indicate the movement of storm paths into and out of the 
basin, which is usually from the east (the Nan River basin) to the west (the Ping River basin) and 
from north to south, following the direction of the river flow. The groundwater recharge served as 
the input data for the groundwater flow module; in addition to the rainfall over land area, river-
induced infiltration was also considered when estimating the total groundwater recharge in the 
groundwater flow module. 
 
There was a limitation of groundwater level observations for the UCP as a whole. However, we 
obtained spatial mean groundwater level data for the Lower Yom and Nan River basins from the 
Department of Public Works and Town & Country Planning (Fig. 3.18a, b). Those data yielded an 
Ef  of 0.60 between the two data sets (simulation and observation; Fig. 3.18c). This error resulted 
from the model using the average ground surface elevation and only one value of the groundwater 
level for each grid area of a 5′ × 5′, which was a large grid area (98.5 km2). The effect of the area’s 
topographical characteristics on the groundwater level are not well reproduced at this spatial 
resolution, which is a limitation of the model. However, the model performance showed useful and 
acceptable to assess the groundwater resources in the basin-scale. 
 
According to the hydro-geological site investigation by Department of Groundwater Resources 
(2011a, 2011b, and 2012), there were five groundwater basins (black dot line in Fig. 3.19) 
distributed over the entire the UCP, namely, the Lower Yom and Nan, Chiang Mai-Lamphun, 
Lampang, Phrae, and Nan, respectively. Comparison of the simulated mean groundwater level in 
the reference period with the five groundwater basins boundary (over layers as shown in Fig. 
3.19), we can found that the shallow groundwater basins (dark red shading) from the model can 
mimic well with site investigation data. This illustrated that the model can reproduce the spatial 
distribution of groundwater basins in the UCP. 
 
Groundwater storage in the UCP 
Fig. 3.20 shows the variations in monthly groundwater recharge and groundwater storage over the 




varied from 68.8 to 78.0 km
3
. As also shown in Fig. 3.20, in the 15 years, or 180 months, of the 




Fig. 3.19 Comparison of spatial distribution of groundwater sources between geo-hydrological site 
investigation by Department of Groundwater Resources (black dot line) and the groundwater flow 
model result (color shading; historical simulation) 
 
Based on this finding, we noted 68.8 km
3
as a permanent or fixed amount of groundwater storage in 
the UCP. The variation of groundwater storage above the fixed storage was defined in this study as 




groundwater recharge, which is driven by meteorological variables, land use, and so on. A 
conservational concept was used that only includes the recharging volume that can be extracted to 
protect a depletion of groundwater. Therefore, approximately 10.6 km
3
 (mean annual groundwater 
recharge) is the maximum potential groundwater used in the UCP. Our findings showed a value 
over the estimation of Ramnarong and Wongsawat (1999), which suggests the maximum 
groundwater used throughout the UCP of approximately 8 km
3
 annually. It is difficult to estimate 
the groundwater storage and how much groundwater can be used because the result depends on 
assumptions. In addition, there are fewer studies on groundwater resources and its potential uses in 
the UCP. Therefore, this topic requires additional research to reach a consensus. 
 
Fig. 3.20 Temporal variation of monthly groundwater recharge and storage (1986-2000) 
 
The comparison between available surface water (surface runoff) and groundwater in terms of 
seasonal distribution indicated two water sources. Approximately 85.0% (17.0 km
3
) and 15.5% 
(3.0 km
3
) of the available surface water was available in the wet and dry seasons, respectively. 
However, there was approximately 70.2 km
3
 and 71.6 km
3
of groundwater storage on average for 
the dry and wet seasons, respectively. This finding showed different characteristics between 
surface water and groundwater in terms of seasonal distributions. In other words, because of 
aquifer storage, the difference between the two seasons in groundwater storage was very small 




























Fixed groundwater storage (68.8 km3)




































Regarding the spatial mean annual rainfall, which was the main hydrological driving variable for 
both surface water and sub-surface water, the years 1994 (1,262 mm) 1998 (825 mm) and the 
average during the 15 years of simulation (987 mm) were selected to represent flood and drought 
events and the mean hydrological year, respectively. Fig. 3.21 shows the temporal variation of 
monthly groundwater storage that corresponds with the three hydrological years. We can clearly 
see two characteristics in the variation of monthly groundwater storage in Fig. 3.21. Small 
variations of storage occurred in the dry season from January to May, which had a relatively 
constant storage amount of approximately 69.7 km
3
. In the wet season, however, there were 
noticeable differences in storage. The highest rainfall occurred in August, and the groundwater 
storage reached its peak in September, varying from 72.0 to 77.1 km
3
 depending on the 
hydrological driving conditions. 
 
 
Fig. 3.21 Temporal variation of monthly groundwater storage corresponding with hydrological 
events. 
 
3.2.4 Rice water demand 
The Office of Agricultural Economics (2012) reported an expansion of the rice production area 
that aligned with an increasing trend, especially during the last few years because of the price 
insurance policy, a pledge from the government to support rice production. Normally, there are 
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and the off-season (dry season) that starts after the normal monsoon period (approximately the end 
of November) with the harvest occurring between March and April in the following year. However, 
the starting time for the seasonal period varied from year to year depending on hydrological 
conditions (amount of rainfall for paddy field preparation). For the sake of model simulation and 
the evaluation of the basin capacity corresponding with an adaptation plan for flood conditions, 
which usually occurs in the middle of September until the end of October, the starting plantation 
time was shifted forward in May so that the harvest period occurred before flooding. These new 
planting periods were used to estimate the rice water demand (Fig. 3.22).  
 
Because of limited available surface water in the dry season, only 10% to 25% (approximately 
4,000 to10,000 km
2
) was available for irrigation. The Royal Irrigation Department (2010) had a 
master plan to develop the basin by increasing the area for rice cultivation in the dry season to 50% 
(approximately 20,000 km
2
) of the total rice growing area, which was equal to a 1.5 CI value. The 
growing area varied from year to year for various reasons, so for the sake of convenience, we 
estimated the rice water demand independent of the production area and based it on a function of 
meteorological, soil type (percolation), and irrigation water depth (see Fig. 3.9c). 
 
 
Fig. 3.22 Rice calendar (seasonal crop (wet season) and off-seasonal crop (dry season)) (source: 
Office of Agricultural Economics) 
 
The Penman-Monteith method (recommended by the Food and Agriculture Organization or FAO) 
was used to calculate the reference crop evapotranspiration (ETO) on a daily basis. The calculated 
mean monthly  varied between 103 mm (August) to 160 mm (March) based on the variation of 
climatology from month to month. Their spatial distribution of average monthly ETO were shown 
in Fig. 3.23. The value of KC, or the crop coefficient for rice, which was studied by the Royal 
Irrigation Department (2012), varied from 0.65 to 1.68 depending on the crop age after growing 
and was used in Eq. (3.14). Rice water demand was estimated as a function of crop water 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Seasonal crop
Off-seasonal crop





requirement (ETO × KC), Percolation loss (1.2 mm day
-1
), and effective rainfall. Based on the 
above procedure (Eq. (3.16)), the calculated rice water demand of the mean monthly variation is 
written in Table 3.1. This estimation assumed two crops per year and was proposed to the adapted 
rice planting calendar. 
    
January February March April 
    
May June July August 
    
September October November December 
 




Table 3.1  Estimation of rice water demand in the UCP 
Variation of mean monthly rice water demand  (mm) 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
191 80 2.4 0 55 82 37 0 0 0 37 165 
 
3.3 Summary  
This chapter presented the development and integration of mathematical models to assess surface 
water, groundwater, and water demand in the UCP. K10-data, a 5′ × 5′ spatial resolution of 7 
meteorological variables, was used for the model input data. There was approximately 987 mm in 
average annual rainfall on average over the period 1986-2000. 88% of that amount was distributed 
in the wet season (May-October); it indicated trivial amount of rainfall to utilize in the dry season 
especially for agricultural purpose. The simulation of H08 model under LSM showed 
approximately 82% of annual rainfall loss through evapotranspiration and the rest (18%) 
contributed to runoff on average over the period 1986-2000. There was a 0.78 in Ef value of the 
simulated and observed river discharges at the basin outlet (C.2 station). The simulated result 
(river discharge) was resulting from 3 coupled modules (i.e., LSM, reservoir operation, and river 
routing modules). Since the correlation figure was high; therefore, model parameters using for 
surface water resource model (H08 model) were suitable for the UCP. Over the study period, there 
was approximately 93 mm (9.4% of annual rainfall) in annual groundwater recharge on average. 
There are no observed groundwater recharges in the UCP or even in Thailand; however, this 
estimated figure showed good agreement with other studies (Department of Groundwater 
Resources, 2011a; 2011b; 2012; Ramnarong and Wongsawat, 1999). In fact, this variable depends 
on many factors such as hydro-meteorological forcing, land-use/ land-cover, soil texture, and so 
forth. For the sake of simplicity, assumed constant all variables except hydro-meteorology 
resulting approximately 93 ± 40 mm in variability of annual groundwater recharge in the UCP. 
The Department of Groundwater resources notes there is approximately 70 km
3
 in potential  
groundwater storage in the UCP. In fact, groundwater storage is subject to a forcing of 
groundwater recharge. This study showed a 70.2 km
3
 and a 71.6 km
3
 on average in groundwater 
storages in the dry and wet seasons, respectively. As seen from the variability of groundwater 




which is the extremely wettest month in the basin. The lower part of the basin (UCP’s flood prone 
area) is subject to flood inundation. This study showed that inundation area contributes significant 
function on groundwater storage while rainfall over land area did not show much effect on the 
variation of groundwater storage in the UCP’s flood prone area. 
 
For the basin water demand, this study considered only rice water demand since it is a large 
proportion relative to other sectors (e.g., Patanee, 2006; Royal Irrigation Department, 2010). The 
Penman-Monteith was applied to estimate reference crop evapotranspiration (ETO) and that varied 
between 103 mm (August) and 160 mm (March). Multiplied the ETO with rice coefficient (KC, 
based on the Royal Irrigation Department, 2012) resulting a 174 mm (7 km
3
) and a 475 mm (9.6 
km
3
) in rice water demand for the wet and dry season, respectively. The estimated figures were 
assumed CI equal to 1.5 or 40,570 km
2
 and 20,285 km
2























ASSESSMENT OF AVAILABLE WATER RESOURCES IN THE UPPER 
CHAO PHRAYA RIVER BASIN  
 
4.1 Introduction 
The UCP is subject to flooding and drought; they are big constraints in basin development and 
impacts on multi-sectors. So far, the government applied the so-called reactive approach (trying to 
manage a situation case by case and allocate some budget for rehabilitation) to cope with all 
natural disasters  (e.g., flood and drought). According to the 3
rd
 UN World Conference on Disaster 
Risk Reduction, 14-18 March 2015, Sendai, Japan, investment first (1 US dollar) to get a worthy 
return of approximately 7 US dollar (benefit from the 1US dollar investment) is the key message 
from the conference. In other words, this forum suggests an active approach is a worthy measure 
or strategy to cope and reduce potential loss from natural disasters. To follow the active approach 
we need in depth and comprehensive understanding about their characteristics of natural disasters 
for each particular area first. Since we try to overcome the nature, which is almost impossible due 
to incomplete knowledge and need significant investment – especially for the poor country likes 
Thailand, or else we have to adjust ourself to the nature.  The latter is sound smarter and more 
practical. However, it requires a lot of information about basin characteristics – in case of water 
resources, for example,  its circulation and distribution is very demanding to figure out. 
 
Thus, this chapter presents applications of the mathematical models that developed and validated 
in the chapter 3 in order to reveal water resources characteristics (demand, supply, and threat) in 
time and space in the UCP. First, available water resources (surface water and groundwater) are 
presented. Second, temporal and spatial distribution of water stress or surface water shortage using 
WSI (Ekkawatpanit et al., 2009) will make through this section. Third, long-term basin water 
balance between available water resources and rice water demand is shown. In addition, this 
section will introduce an adaptation option  to overcome surface water shortage as well as to avoid 




to get groundwater to alleviate surface water shortage are expressed under this section. Lastly, 
concluding remarks about water resources situations in the UCP are provided. 
  
 
a) Available water resources and rice water 
demand in the UCP 
 
b) Flow-duration curve of the main gauging 
stations in the UCP 
 
c) Average annual 
rainfall 
 
d) Average annual 
evaporation 
 
e) Average annual 
runoff 
 
f) Average annual 
groundwater recharge 
 
Fig. 4.1 a) Available water resources and rice water demand in the UCP, b) Flow-duration curve of 
the main gauging stations in the UCP, c) spatial distribution of average annual rainfall, d) 
evaporation, e) runoff , and f) groundwater recharge 
 
4.2 Available water resources in the UCP 
4.2.1 Surface water 
Water is defined as a renewable resource since its occurring and circulating all the time and will 
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supply side) is over the demand side on average in a global perspective. However, uneven in 
temporal and spatial distributions are pressuring and causing water problems. For example, 
Ekkawatpanit et al. (2009) reveal a water conflict resulting due to uneven distribution of water in 
the sub-basin of the UCP. 
 
In the big picture, moreover, e.g., Ekkawatpanit et al. (2013) and Molle (2002; 2007) point out not 
only uneven distributions of the resource, but also the inefficiency of water use is inducing 
insufficiency of available water. For example, an irrigation efficiency varied between 40 to 60% 
on average in Thailand (Department of Water Resources, 2007; Royal Irrigation Department, 
2010).  In case of the UCP, Fig. 4.1a,b show long-term monthly (1986-2000) variability of runoff 
(dash blue line), groundwater recharge (dash black line), accumulation of total available water 
(runoff + groundwater recharge), and accumulation of rice water demand (assumed CI = 1.5 or 
40,570 km
2
 (wet season) and 20,285 km
2
 (dry season) in rice plantation areas), respectively, and 
flow-duration curve of main gauging stations in the UCP using exceedence probability (Dingman, 
2008) of daily river discharge. It is a plot of the magnitude (discharge) vs. the percentage of time 
that the magnitude is equaled or exceeded. Moreover, their spatial distributions of average annual 
rainfall, evaporation, runoff, and groundwater recharge in the basin are presented in Fig. 4.1c to 
Fig. 4.1f, respectively. In the big picture, the available water was over the demand side (Fig. 4.1a). 
Thus, the basin was supposed to free from water shortage (stress). In fact, this basin usually faces 
with the shortage especially for agricultural water supply. To make it vividly sees and on the 
purpose of comparison of available water in the UCP, the flow-duration curve was expressed in a 
proportion of Q/Qmax – Q is daily river discharge and Qmax is maximum river discharge recorded 





 in Qmax for the P.1, P.7A, W.4A, Y.1C, Y.6, N.1, N.5A, and C.2 stations, 
respectively. Based on the curve (Fig. 4.1b) and Fig. 2.8 (location of the stations), not all stations 
have flow throughout the year since there were zero or nearly zero discharge for the stations that 
are located above the reservoir operation (Bhumibol and Sirikit reservoirs). It is acceptable to use 
Q90 (exceedence probability at 90% of time in a year) as a threshold value of drought condition 
(Dingman, 2008), it would say that area is going to suffering with drought if the river discharge at 
90% of exceedence probability approach to zero. In this analysis, only three stations (P.7A, N.5A, 




discharge at 90% of time in a year. In terms of spatial distributions (Fig. 4.1e and Fig. 4.1f), there 
were 177 mm year
-1
 and 93 mm year
-1
 in annual runoff and groundwater recharge on average 
(1986-2000). Since there are lack of water distribution systems, e.g., canals and piping system, 
thus take advantage of runoff and groundwater which are naturally distribution over the basin to 
alleviate drought or surface water shortage were assessed in this study.  
 
  
a) Areas subject to drinking water drought b) Areas subject to agricultural drought 
 
Fig. 4.2 Spatial distribution (classified by provinces) of drought risk in the UCP: a) drinking water 
drought and b) agricultural drought  
 
Fig. 4.2, it is the spatial distribution of drought maps (a) drinking water and b) agricultural drought 
areas) which were reported by the Department of Water Resources and the Land Development 
Department, respectively. As seen in the figure, there is not much serious on drinking water 
drought (Fig. 4.2a) since the distributions of drought levels are up to moderate scale. On the other 
hand, nearly entire areas of the UCP are subject to agricultural drought (see Fig. 4.2b). In addition, 




Prevention and Mitigation, 2011). This impact is expected to increasing since expansion of 
agricultural area which is the consequence of agricultural price insurance policy (Office of 
Agricultural Economics, 2012) and an impact of climate change that will be discussed later. 
 
 
Fig. 4.3 a) Annual flood volume and momentary peak and b) flow-duration analysis at the C.2 
gauging station (basin outlet) 
 
On the contrary, during the second monsoon (August to October), the basin will receive a lot of 
rainwater and all of excess water has to drain through the basin outlet at Nakhon Sawan Strait, 




 (Prajamwong and Suppataratarn, 2009). 
Fig. 4.3a, b show variability in annual discharge volume and momentary peak and proportions of 
flow in a year based on flow-duration analysis at the C.2 station over the period 1956-2012. In 











































































































































































































































(this figure is implied to input water volume onto the LCP) averaged over the period 1956-2013. 
During the period 1956-1980, there were more often high flows (above the mean) relative to the 
period 1981-2012. According to the Bhumibol and Sirikit reservoir operations, a number of 
flooding events and durations are reduced. Komori et al. (2013) found reducing of flood period by 
approximately 3 months from August-November to September-October is the benefit from the 
reservoir operations. However, the flood magnitude (momentary peak) did not decrease. For 
example, the 1995, 2006, and 2011 flood peaks showed the same level as or even higher than the 
1961 flood peak, which was free from human regulation.  Meanwhile, increasing of normal flow 
was clearly observed after the reservoirs were operated and will be discussed later. 
 
To assess the flow characteristics, a flow-duration analysis (Dingman, 2008) and Man-Kenndall 
test (Helsel et al., 2006) were applied to the C.2 discharge. Q10, Q25, Q75, and Q90 (which are 
discharge values for 10, 25, 75, and 90 percent of time in a year) were approximately 1,600, 850, 




, respectively. In this study, I defined high (blue), slightly high (light blue), 
normal (green), slightly low (light orange), and low (orange) flows if Q ≥ Q10, Q25 < Q <Q10, 
Q75 ≤ Q ≤ Q25, Q90 < Q <Q75, and Q ≤ Q90, respectively. And trends of the discharge will be 
considered statistically significant if p-value by means of the Man-Kenndall test ≤ 0.050 or at 95% 
confidence level. Based on the above conditions, a number of days in a year which were classified 
in high and low flows were fed into the Man-Kenndall test. A decreasing trend with p-value of 
0.171 was found in the high flow testing. For the low flow test, a 95% statistically significant 
decreasing trend (p-value = 0.000 ≤ 0.050) was found. Furthermore, a number of days that 
classified into normal flow (green shading area in Fig. 4.3b) showed increasing after the reservoirs 
operated. This evidence suggested that the reservoirs able to reduce the flood frequency in the 
basin but might not suffice to reduce the flood magnitude (momentary peak still high even under 
the reservoirs operation period). However, the reservoirs contribute a great role to reduce a number 
of low flow and increasing normal flow days, which is beneficial to riparian areas and available 
water for the LCP.  
 
According to Fig. 4.3a and scientific studies, e.g.,  Komori et al. (2012) and Pavelic et al. (2012), 
floods are not abnormal phenomena, but they are periodically occurring approximately once in  4 




risk area) and 2011 annual flood inundation area (largest natural disaster event in Thailand), 
respectively. In terms of location, it would say that the areas along the Lowe Yom and Nan Rivers 
are supposed to suffer with flooding. In fact, there is no control structure such as a reservoir in the 
Yon sub-basin. Moreover, soil drainage capacity (Fig. 2.12b) in this area was classified as poor 
condition (Land Development Department, 2003) together with the constraint in drainage capacity 
at the C.2 resulting in flooding.  
 
  
a) Repeated flooding area in the UCP b) 2011 annual flood inundation in the UCP 
 
Fig. 4.4 Spatial distribution of flood inundation in the UCP: a) repeated flood risk area and b) the 
2011 flood inundation area (satellite data) 
 
In case of the 2011 event, the basin received 5 major monsoons and caused approximately 140% of 
annual rainfall over the average value (Komori et al., 2012; Kotsuki and Tanaka et al., 2013). Thus, 
tremendous discharge volume was generated and over the manageable capacity of the reservoirs 
resulting wide areas of inundation in both the UCP and LCP.   Pratoomchai et al. (2014) and 




to occur again under climate change conditions (Chapter 5). Thus, countermeasure(s) to cope or 
alleviate its magnitude and impact is need. In this study, an adapting option to cope with flooding 
for rice growing area in the UCP will discuss. 
 
  
a) Potential groundwater use map b) Proportional groundwater pumping to its 
potential 
Fig. 4.5 a) Spatial distribution of groundwater yield and b) proportion of groundwater pumping to 
its potential  
 
4.2.2 Groundwater 
As shown in section 3.2.3, there is no doubt about the variability of groundwater that will depend 
on hydro-meteorological factors such as rainfall, evapotranspiration, and so forth. Approximately 
68.8 km
3
 was estimated figure of fix groundwater storage in the UCP since it was the minimum 
trough of storage variability during the 1986-2000. However, over the simulated period, there was 
a 78.0 km
3
 as the maximum groundwater storage and that occurred in 1994 (wet year). In fact, it is 
difficult to estimate or even measure this figure. However, Department of Groundwater Resources 






 as the potential groundwater storage in this area. Nevertheless, not all 
groundwater storage can be exploited and used since it depends on aquifer properties (e.g., yield − 
Fig. 4.5a) and groundwater level (depth) as well as recharging volume to protect groundwater 
depletion. In the light of sustainable groundwater use, groundwater yield, groundwater depth 
(below ground surface), and groundwater recharge will be applied as a discussion criteria on 
available groundwater use (section 4.5). 
 
4.2.3 Downstream water use 
Basically, Chao Phraya River basin is divided into two parts: the Upper part (UCP) and Lower part 
(LCP) as depicted in Fig. 2.1a. According to basin development, it would say that UCP is rain-fed 
basin while the LCP is irrigated area. As shown in Fig. 4.6 (Department of Water Resources, 2007), 
it is an estimation of the LCP water use into four sectors (i.e., agriculture, consumption by human, 
industry, and environmental requirement). Overall, the LCP required approximately 10.7 km
3
 in 
total water use annually and about 72.5% account in agricultural consumption. In addition, 
approximately 75% of industrial water use extracting from groundwater (Patanee, 2006). 
 
 
a) Annual water uses in the LCP by sectors b) Percentage of the annual water uses in the 
LCP 
 
Fig. 4.6 Lower Chao Phraya water uses (source: Department of Water Resources) 
 
Based on the criteria that applied in the assessment, approximately 9.5 km
3
 or 88% of the LCP 
water use is supplied by the Bhumibol and Sirikit reservoirs. In fact, there are about 1.3 km
3
 in 
total artificial storage in the LCP (e.g., Pa Sak Jorasit, Thapsalao, and Kra Siew reservoirs), which 



















































groundwater for compensating water stress (shortage) in the UCP might not significant impact on 
downstream water use. 
 
4.3 Surface water shortage 
In this section, the WSI based on Ekkawatpanit et al. (2009) which is a ratio of the difference 
between the available surface water (runoff) and the water demand (in this study it considers only 
rice water demand) to the available surface water. An area will subject to surface water shortage if 
the WSI shows in negative value. The calculation was done under a 5′ × 5′ in grid size which was 
the same as the LSM (H08 model) and within a 40,570 km
2
 (agricultural area). The demand 
outside agricultural area (outside the green shading areas in Fig. 2.3c) is set equal to zero. 
Cropping calendar using in this calculation is shown in Fig. 3.22 (Office of Agricultural 
Economics) which has two crops in a year – seasonal crop (wet season) and off-season crop (dry-
season). According to the fact that farmers who have paddy fields next to rivers will directly 
abstract water from the rivers for their rice; therefore, all river nodes in the WSI calculation are set 
equal to zero (no shortage).  
 
Fig. 4.7 shows spatial distribution of average monthly WSI in the UCP. Based on the above results, 
there were frequent surface water shortages from December to February. Comparing the WSI (in 
the dry season) to Fig. 4.2b (agricultural drought area), I would note that the WSI is good enough 
to mimic the observation. For example, the coincide of spatial distribution between WSI and 
observation in Chiang Mai area (Upper Ping River), Lower areas of the Ping, Yom, and Nan 
Rivers. In fact, this temporary shortage in surface water was compensated for by groundwater. 
Farmers will extract groundwater for maintaining a good growth of their rice whenever surface 
water was not available. The above conclusions were evidenced by field survey (details in chapter 
6) and Fig. 4.5b. In addition, there are no surface water shortage in April and May even these 
months are nearly zero runoff since this study considered only rice water demand. Thus, whenever 
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Fig. 4.7 Spatial distribution of the monthly WSI averaged over the period 1986-2000 
 
4.4 Long-term basin water balance 
Based on the 15 years (1986-2000) in the simulation (Fig. 4.1a), It has a 20.0 km
3
 and 10.6 km
3 
mean annual surface runoff and groundwater recharge, respectively. The rice water demand 
(assumed IC = 1.5) was approximately 174 mm (7 km
3
) and 475 mm (9.6 km
3




seasons, respectively. In general, the total available water in the basin was much higher than the 
rice water demand, which can clearly be seen from the accumulated graphs also in Fig. 4.1a. There 
was 16.6 km
3 
in demand and 30.6 km
3
 (runoff + groundwater recharge) in total available water 
annually, or approximately 0.83 (16.6 ÷ 20.0), which is a ratio of estimated water demand over 
available surface water (surface runoff), as used in water stress index. The ratio for the UCP 
indicated a serious water stress based on, e.g., Oki et al. (2001) and Falkenmark and Rockstrom 
(2004) water stress index. The above calculated ration indicated insufficiency of surface water in 
the basin. This is another evidence to imply and confirm the degree of surface water shortage in 
the UCP. 
 
However, there are usually flooding from the middle of September to the end of October. To 
alleviate the paddy field damage from floods, growing rice in May was proposed as an adaptation 
option. In fact, there was little rainfall and less river discharge in the rivers in May, and 
approximately 2.2 km
3 
was required for paddy field land preparation in the wet season. In June and 
July, there was approximately 3.3 km
3
 in mean surface runoff but 4.8 km
3 
required for maintaining 
the rice. In the dry season, the available water from surface runoff was only 3.0 km
3
, but the 
demand was 9.6 km
3
 for the entire season (from November to March). Because the demand and 
availability of water were not equivalent, a surface water shortage occurred (Fig. 4.7). An 
assessment of groundwater to overcome the surface water shortage was conducted on a monthly 
basis for 180 months or 15 years (1986-2000). The surface water shortage and extraction of 
groundwater to compensate for the shortage are illustrated in Fig. 4.8a by the red and light bar 
graphs, respectively. For example, there was approximately 3.6 km
3
 (its spatial distribution is 
shown in Fig. 4.8b) of surface water shortage in January (extremely water shortage month based 
on the WSI) on average. Fig. 4.8a also includes a comparison between the accumulated extraction 
of groundwater and groundwater recharge (renewable groundwater storage). Although we showed 
in the previous chapter that the basin had an abundance of groundwater (Fig. 3.20), but the 
calculation in Fig. 4.8 shows a water shortage (the accumulation of renewable groundwater storage 
cannot compensate the extraction volume). To overcome the temporary surface water shortage, 
approximately 11.5 km
3 
of groundwater was extracted for the CI equal to 1.5. This extracted 
volume exceeded the limit for renewable groundwater storage. For sustainable groundwater use, I 




renewable groundwater storage of approximately 10.6 km
3
 annually. According to the above 
descriptions, I noted that the basin cannot expand (support) the area of rice cultivation at the 1.5 CI 
because it would cause groundwater depletion. In addition, the 1.5 CI is a target of basin 
development plan (Royal Irrigation Department, 2010); therefore, approximately 1.0 km
3
 of water, 
which is the difference between estimated groundwater extraction and renewable groundwater 




b) Spatial distribution of 
surface water shortage in 
January based on the SWI 
a) The monthly surface water shortage and assessment of renewable 
groundwater storage to compensate for the surface water shortage 
 
Fig. 4.8 a) The monthly surface water shortage and assessment of renewable groundwater storage 
to compensate for the surface water shortage and b) spatial distribution of surface water shortage in 
January, which was extremely water shortage month based on the WSI  
 
4.5 Assessment of potential groundwater use in the UCP 
There were two large reservoirs (Bhumibol and Sirikit reservoirs – of approximately 11.6 km
3
 in 
total effective storage at the end of the monsoon season annually (Department of Water Resources, 
2007). However, areas adjacent to the basin downstream (LCP, see Fig. 2.1a) also use water from 
the same reservoirs during the dry season. Here, we assumed that the river discharge at C.2 from 
January to May, which was approximately 4.8 km
3


















































































































































































































Acc. extraction of groundwater
Cropping intensity = 1.5 or wet season = 40,570 km2 and 
dry season = 20,285 km2, respectively




conserved water for the LCP. Therefore, approximately 6.8 km
3 
remained that could be allocated 
for the UCP. However, according to the reservoir water allocation rule, irrigation has the lowest 
priority for allocation and only benefits an irrigation area that covers approximately 20% of the 
rice growing area in the UCP. In other words, the majority of the area growing rice did not benefit 
from the reservoirs. 
 
In light of this, a potential and beneficial option to alleviate water shortage for the rain-fed areas 
was to increase the renewable groundwater storage (Royal Irrigation Department, 2010; 
Department of Groundwater Resources, 2011a; Pavelic et al., 2012). After the 2011 flood event, 
which was the worst natural disaster in Thailand’s history (e.g., Komori et al., 2012; Kotsuki and 
Tanaka (2013)), the Thai government invested a significant portion of its budget for flood 
retarding projects in the basin. Upon project completion, another expected benefit was an increase 
in renewable groundwater storage in the UCP. However, to assess the basin capacity for supplying 
water to accommodate the current rice water demand, We varied the plantation area and monitored 
the months with surface water shortages in both the wet and dry seasons, respectively. 
 
Fig. 4.9a shows the water shortage months compared to the percentage of rice plantation area. A 
condition without a water shortage is difficult to define in large areas such as the UCP that is 
almost entirely almost rainfed. In Thailand, an acceptable water shortage occurred in less than 72 
months (20%) of the 30 years (360 months) recorded (Department of Water Resources, 2007). The 
study that simulated 15 years or 180 months assumed the same accepted water shortage condition; 
therefore, approximately 36 months in surface water shortage was acceptable. The figure illustrates 
that all the plantations showed an acceptable number of water shortage months (≤ 36 months) for 
wet seasons. In contrast, approximately 10%, or 4,000 km
2
, was acceptable for growing rice in the 
dry season when only considering the use of surface water. Farmers in the UCP have been using 
groundwater for growing rice in the dry season or whenever surface water was not available for 
approximately 20 years ago (Patanee, 2006). Conjunctive water use was assessed for the potential 
basin development, and Fig. 4.9b shows the conjunctive water use over 15 years of simulation 
(1986-2000) of surface and groundwater required to fulfill the rice water demand for both wet and 
dry seasons. There were approximately 150 months of surface water shortage, but all had been 




assessment occurred for the CI equal to 1.4 or approximately 56,770 km
2 
(maximum) in total rice 
production area annually.  
 
 
a) Relationship between surface water 
shortage and percentage of rice plantation 
area 
b) The assessment of basin adaptation capacity for 
rice production 
 
Fig. 4.9 a) Relationship between surface water shortage and percentage of rice plantation area and 
b) basin capacity for supporting rice production  
 
On average, approximately 9.7 km
3 
was required from groundwater storage to compensate for the 
surface water shortage. Although the basin had approximately 70.9 km
3
 in mean annual 
groundwater storage, only 10.6 km
3
 (renewable groundwater storage) was available for extraction 
and certain areas did not have access to groundwater because of hydrogeological conditions. In this 
study, we considered two constraints: groundwater level below the ground surface (head 
constraint) and groundwater yield (quantity constraint). In the UCP, if the head constraint is less 




, a group of farmers can construct a groundwater 
well (Department of Groundwater Resources, 2011a). 
 
According to the above conditions, we assessed the temporal and spatial distributions of the area 
for cultivating rice (40,570 km
2
) for the potential to extract groundwater on a monthly basis as 
shown in Fig. 4.10. The assessment showed approximately 19,780 km
2
 or 17.9% of the UCP 
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Acc. extraction of groundwater
Cropping intensity = 1.4 or wet season = 40,570 km2 and 
dry season = 16,200 km2, respectively




areas changes from month to month) even the areas may suffer with surface water shortage, This 
calculated figure was about 49% of the agricultural areas which suitable for developing 
groundwater irrigation project using groundwater as a secondary water source. However, AGR of 
approximately 1.0 km
3
 (based on 180 months water balance) is also required under the target basin 
development (CI = 1.5) to protect groundwater depletion. Based on the available amount of 
renewable groundwater storage (at existing condition), 40% of the agricultural area was 
determined to be the maximum area available for plantation in the dry season. In fact rice 
production is not depend only water supply, but other factors such as soil, geology, climate zone, 
and etc. are significant on rice yield. However, geology and climate zone are not much different in 
the UCP, for example, the elevation of the lowland area in lower Yom and Nan sub-basin vary 
between 20 and 55 m above the sea level. This might potentially impact approximately 0.35 °C 
(based on lapse rate changes) in temperature differences. Therefore, considering soil types, which 
were classified by the Land Development Department for agricultural purposes as shown in Fig. 
4.10c (http://osl101.ldd.go.th/survey_1/data_01.html)− Alluvial soil (suitable for growing rice), 
Grumusols (suitable for field crops), and Lithosols (not suitable for agricultural crop), as the 
complement factor for managing land use in the UCP resulting in Fig. 4.10d. There are 13.2% (14, 
500 km
2
, yellow shading area in Fig. 4.10d) and 23.6% (approximately 25,900 km
2
) of the whole 
basin areas are recommended for rice and other field crops (e.g., sugar cane, corn, cassava) 
production areas, respectively. In brief, the land use map in Fig. 4.10d is constructed based on 
potential to take advantage of groundwater to alleviate the shortage and soil conditions. Although 
the recommended areas might suffer from a surface water shortage, enough groundwater can be 
extracted to meet the shortage without depleting the groundwater. It was obviously clear benefit in 
terms of land use management. For example, agricultural areas that are located outside the 
potential groundwater use should not do rice production in the dry season or else apply other crops 








   
Fig. 4.10 Spatial distribution of land uses management in the UCP. a) available groundwater use 
areas (green shading areas), b) agricultural areas that able to take advantage of groundwater to 
compensate surface water shortage, c) soil classification in the UCP, and d) classification of proper 








This chapter illustrated the applications of the mathematical models and adaptive capacity of the 
UCP to alleviate flooding and drought (water shortage or stress) damage. Even there was available 
water over the rice water demand, but there was temporary surface water shortage from November 
to February (dry season) based on the WSI. Observation of agricultural drought was also observed 
in the dry season and that covered nearly the entire basin. In fact, the temporary shortage was 
compensated by groundwater, and this resource shows a significant role to cope with drought. The 
ratio of groundwater pumping to its potential was reported by the Department of Water Resources. 
As of this basin contents with both flooding and drought, over the last 30 years, there were a huge 
economic loss due to flooding and drought. The majority of people living in this basin are farmers 
and their income are depend on rice production.  
 
For the sake of these people, mitigation or alleviation to protect their staple food and incomes by 
shifting plantation period (1.5 months earlier than the usual start date in the middle of June) to 
harvest before the annual floods and renewable groundwater storage uses were assessed. In 
addition, the adaptation period was suggested as a suitable period for the maximum rice yield 
(Champatong et al., 2011).  
 
Assessment between water demand and supply (total available water – surface water (runoff) + 





 for the wet and dry seasons, respectively) could be supported within the basin 
capacity. Our adaptation option showed no negative impact in terms of rice production area 
compared to the present situation (Royal Irrigation Department, 2010). However, this assessment 
will likely face a water shortage in fewer than 36 months, or 20% of 180 months, which was used 
in this estimation and is the general criteria of acceptance for agricultural water resources 
management in Thailand (Department of Water Resources, 2007).  
 
There is an increasing trend of area for rice cultivation, especially in the dry season (Office of 
Agricultural Economics, 2012), and the Royal Irrigation Department (2010) plans to expand the 
paddy field in the dry season up to 20,285 km
2




area in the wet season. Groundwater is a water supply source under that plan, and this assessment 
showed that the plan would experience groundwater depletion if measures to increase the AGR are 
not implemented. Approximately 1.0 km
3
 of the AGR is required to accommodate a 1.5 CI. In 
addition, soil conditions/ types were considered as a complement criteria in creating the guideline 
land development map (Fig. 4.10) that allows the assessment is more practical. 
 
For the UCP as a whole, the spatial assessment of potential groundwater use, which is a function of 
the quantity of groundwater (yield) and groundwater depth below the land surface (head 
constraint), was assessed for both temporal and spatial distributions on a monthly basis. We found 
that approximately 19,880 km
2
 (which is approximately the same figures as the Royal Irrigation 
Department’s plan) of the total agricultural area has the potential to be developed for irrigation 
























PROJECTION OF WATER RESOURCES UNDER CLIMATE CHANGE 
CONDITIONS  
  
5.1 Introduction  
Climate change is real and now international problem and impacts on multi-sectors (IPCC, 2013). 
Observations of air temperature and a number of extreme hydrological events, e.g., droughts and 
floods show an increasing trend (Easterling et al., 2000; Green et al., 2011). As shown in Fig. 5.1, 
for example, it is the observation of global average air temperature anomaly (IPCC, 2013). 




b) observed change in surface temperature 
1901-2012 
a) observed globally averaged combined land 










However, there is argument about climate change since  the fact that climate is always change as 
of dynamical system; thus, this dissertation followed the United Nation’s Framework Convention 
on Climate Change (UNFCCC) which defied “a change of climate which is attributed directly or 
indirectly to human activity that alters the composition of the global atmosphere and which is in 
addition to natural climate variability observed over comparable time periods” for the definition of 
climate change. Moreover, a number of scientific literature related to the earth’s system concluded 
human activity  is the main cause of changing climate nowadays or a so called anthropogenic 
climate change which came up with a 95% scientific consensus on this matter  (IPCC, 2013). 
 
Fig. 5.2 Evolution of the atmospheric CO2 concentration (blue) and Antarctic temperature (red) 
over the past 800,000 years from measurements on several ice cores from Antarctica (source: Petit 
et al. 1999; Siegenthaler et al. 2005; Jouzel et al. 2007; Lüthi et al. 2008) 
 
Amount of greenhouse gases in the atmosphere (also known as climate change proxy), primarily 
are carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and etc., shows dramatically 
increasing. For example, from 1950 back to thousand of years, a reconstruction of CO2 from ice 
cores never over 300 parts per million (ppm), see Fig. 5.2. However, a 399.96 ppm of CO2 
concentration in the atmosphere has been observed in January, 2015 – this observation data 
available from the National Oceanic and Atmospheric Administration or on 
http://www.esrl.noaa.gov/gmd/ccgg/trends/. Based on the continuous and suddenly rising 




events such as volcanic eruption and so forth confirms that human activity is the driving force of 
climate change. In addition, the increasing CO2 concentration shows good agreement with a 
variability of surface air temperature (Fig. 5.2). This is one of explicit evidence to the conclusion 
of the relationship between CO2 and surface temperature. 
  
There are wide impacts of climate change on an environment and us human beings. Increasing in 
severity (frequency and magnitude) of flooding and drought as well as a depletion of groundwater 
are observed and projected globally (e.g., Döll, 2009; Glessson et al., 2012; Green et al., 2011; 
Hanasaki et al., 2013; Scibek and Allen, 2006). Those problems are recognized as a consequence 
of climate change impacts (IPCC, 2013). Thailand, a country that relies on an agriculture-based 
economy, will potentially be impacted by climate change. Moller (2002, 2007) and the Department 
of Water Resources (2007) showed that agricultural water use is increasing especially during dry 
season. A ratio of water supply to demand becomes critical in almost 6 months of a year (during 
the dry season). The Office of Agricultural Economics (2012) reported that the area planted with 





). In fact, rice is the main cash crop for Thailand. Surface temperature rising will 
potential to reduce the rice (for example, Chai Nat I – a Thai rice species) production if the 
maximum temperature up to 34.7 °C approximately 20% of a total production might lose 
(Jongjaidee et al., 2010).  
 
It is a need for explicitly investigating of climate change impacts on water resources in the UCP 
and a mitigation option as well in order to manage water resource problems, which are accelerated 
by climate change. For the UCP, groundwater is an available option to cope with surface water 
shortage. In addition, its storage capacity is recommended as a buffering storage in cutting flood 
peak (Pravelic et al., 2012). Furthermore, over a few years ago, the government lunched the 
agricultural price insurance policy that resulted dramatically increasing in rice production area 
even in rain-fed area in the dry season. To maintain crop water demand during surface water is not 
available, groundwater is an available water source and has been conducted. In addition, the Royal 
Irrigation Department and the Department of Groundwater Resources have planned to enhance use 
groundwater for expansion of rice-growing area. Therefore, evaluation of potential future 




groundwater managements. Numerical modeling is a quick and useful approach to assessing past 
and future surface and groundwater resources in response to climate change. Furthermore, in 
Thailand, groundwater resources has not widely studied especially regarding to climate change 
effects, for example, their interactions among climatology, groundwater recharge and its storage 
changes. The two main objectives of the chapter were (1) to determine the ranges of temporal and 
spatial variability of surface water, groundwater recharge, and groundwater storage corresponding 
to various future climate scenarios, which have not been explicitly studied for the UCP; and (2) to 
estimate the relative changes in availability of surface water,  groundwater recharge rates, and 
groundwater storage. 
 
5.2 Global Climate Models (GCMs) selection and scenarios 
5.2.1 GCMs selection and climate change scenarios 
Since the late 1960, the so called “GCMs” has been recognized by scientists and appeared in 
scientific literature (Edwards, 2000). It is a mathematical model of representing physical processes 
in the atmosphere, ocean, cryosphere and land surface for simulating the response of the global 
climate system to increasing greenhouse gas concentrations. At the beginning of the IPCC 
established in 1988, only 2 GCMs with approximately 500 km × 500 km spatial resolution, while 
as of September 2013 about 45 GCMs participating in the IPCC with a finesse spatial resolution of 
50 km × 50 km (Jones, 2013). Even it has a long history in GCM developments, but its spatial 
resolution that available under the CMIP5 is still coarse resolution (approximately 110 km × 110 
km) and is not suitable for assessing climate change impacts at a local scale. In addition, a number 
of GCMs and spatial resolution are expected to increase and high resolution in the future. 
However, due to incomplete knowledge of the earth’s systems and an unforeseeable future (e.g., 
Mujumdar and Ghosh, 2008; Jackson et al., 2011; Kurylyk and MacQuarrie, 2013); therefore, 
there are no best GCMs recommended for conducting studies in climate change assessment. 
Applying more GCMs is commonly used for projecting climate change impacts because each 
GCM was developed and treated with a different technique; results from multiple GCMs might 
reflect and cover a possible range of the future assessment. 
 
Unpredictable future is difficult and challenge problems in climate change study. Creating choices 




like under a certain condition of each scenario. Representative Concentration Pathways (RCPs) are 
latest climate change scenarios that have been developed and carried on in the CMIP5 that released 
in the 5
th
 climate change impacts assessment report in 2013 (IPCC, 2013). As mentioned earlier 
degrees of climate changes mainly depended upon GHGs emission into the atmosphere (e.g., van 
Vuuren et al., 2011); therefore, 4 future scenarios were developed based on the GHGs emission as 
shown in Fig. 5.3 and Table 5.1. They were one low, two intermediates, and high GHGs emission 
scenarios that generally known as the RCP2.6, RCP4.5, RCP6.0, and RCP8.5 scenarios, 
respectively. The figures (2.6, 4.5, 6.0, and 8.5) indicate a radiative forcing increasing (W m
-2
) on 
average at the earth’s surface at the end of the 21
st
 century.   
 
 
Fig. 5.3 Radiative forcing of the RCPs (left), cumulative of CO2 emissions at the end of 21
st
 
century against radiative forcing (middle), and forcing level per category (right). Grey area 
indicates the 98
th
 (light grey) and the 90
th
 (dark grey) percentiles (source: van Vuuren et al., 2011) 
 
In this dissertation, 5 GCMs were selected, namely 1) MIROC-ESM-CHEM, 2) HadGEM2-ES, 3) 
GFDL-ESM2M, 4) IPSL-CM5A-LR, and 5) NorESM1-M, which were also selected from the 
latest World Climate Research Program’s Coupled Model Inter-Comparison Project phase 5. All of 
these GCMs are earth system models, and their results were cross-checked in the Inter-Sectoral 
Impact Model Intercomparison Project (http://www.isi-mip.org/) (Hanasaki et al. 2013). 5 GCMs 
from different climate research institutes were selected to reflect uncertainties in the GCMs. 3 






were used for projecting future climate for the periods 2026-2040, which represents the near 
future.  
 
Table 5.1 Main characteristic of the RCPs (source: van Vuuren et al., 2011) 
Scenario 
component 
RCP2.6 RCP4.5 RCP6.0 RCP8.5 







Agricultural area Medium for 
cropland and 
pasture 





very low for 
pasture (total 
low) 
Medium for both 
cropland and 
pasture 
Air pollution Medium-low Medium Medium Medium-high 
 
 
5.2.2  GCMs downscaling and bias correction 
Regarding to a mismatch between original GCM result (coarse grid) and spatial resolution 
(concerned grid or area) that we focus on (e.g., basin scale), thus a downscaling and bias correction 
in order to create a new GCM data, which is represented for the concerned area or basin. There are 
a number of well documents, literature, and articles (e.g., Alcamo et al., 2007; Green et al., 2011; 
Hanasaki et al., 2013; Randall, 2000) describe an approach to GCMs downscaling. 
 
Dynamical and statistical downscalings are widely used approaches that have been carried out for 
GCM downscaling (Palmer et al., 2004). In general, dynamical downscaling is complicated and 
required a lot of data and computational time as well that difficult to run on a personal computer. 
However, it is believed as a likely appropriate method for GCM downscaling since it is earth’s 
physical based process. While the statistical downscaling is relatively simple and can perform on a 
personal computer. In addition, there are a number of literature suggesting use this approach and 




observation of local climate, and enhancing more opportunities for modelers investigating more 
multiple GCM models and scenarios for assessing local climate change are the advantageous 
points of the statistical downscaling method.  In addition, conducted more GCMs and scenarios are 
recommended for assessing local climate change impacts since this would cover more probability 
range that may reflect from different GCMs.    
 
For the projection and simulation of climate change, the systematic bias in 3 variables (i.e., surface 
air temperature, rainfall, and long-wave downward surface radiation) that were collected from 
GCMs were corrected. Many previous studies only corrected the systematic bias for surface air 
temperature and rainfall, but this study also corrected the bias in long-wave downward surface 
radiation. In addition, Hanasaki et al. (2013) found that the longwave downward radiation had an 
increasing trend in all of the GCMs; this variable is significant in solving the earth’s surface 
energy balance. A shifting and scaling technique previously used by researchers, such as Alcamo 
et al. (2007) and Hanasaki et al. (2013), was applied to remove the systematic bias of the 3 
variables. This is one of the simplest and most popular techniques for correcting biased GCM data 
called the shifting and scaling method (e.g., Alcamo et al., 2007; Hanasaki et al., 2013). Hanasaki 
et al. (2013) also expressed this method in mathematical terms for 3 variables (i.e., surface air 

































































Eq. (5.1) to Eq. (5.3) were used for GCM data bias correction for surface air temperature, rainfall, 
and longwave downward radiation, respectively. The symbols T, P, and L represent surface air 
temperature, precipitation, and longwave downward radiation, respectively. The subscripts future, 
baseline, y, m, and d represent future periods (2021-2050 ), retrospective period (1961-1990), year, 
month, and day, respectively. The superscripts cor, obs, org, and upper bar are future corrected 
GCM data, local observed data, original GCM data, and 30-year-mean monthly of the original 
GCM data, respectively. In short, a time series of current climate data can be modified by adding 
or multiplying climate elements that are affected by climate change to create a new meteorological 
time series under a particular scenario or set of climate change conditions. 
 
5.3 Projection of climate change impacts on water resources 
5.3.1 Hydro-climatology 
Surface temperature and rainfall changes 
This study was applied 5 GCMs for projecting climate change impacts on water resources in the 
near future (2026-2040). As shown in Table 5.2, it shows spatial average of mean annual surface 
air temperature changes over the entire UCP. It was a difference between the projection period and 
the period of 1986-2000 (reference period), which had a 25.38 °C in mean annual surface air 
temperature. In general, these projections showed good agreement with degree of greenhouse gas 
emissions. There were 1.45, 1.48, and 1.80 °C changes for the RCP2.6, RCP4.5, and RCP8.5 
scenarios, respectively, which were all increasing trend. However, the values as shown above were 
averaged from 5 GCMs for each scenario to overcome GCMs uncertainty (e.g., Jackson et al., 
2011). 
 
In addition, 5 GCMs were also applied to project spatial mean annual of the rainfall, runoff, and 
evaporation as shown in Table 5.3. GCMs and scenarios that showed decreased trends are written 
in italic. In general, we found the projecte trend was depended on GCMs rather than scenarios. The 




into the system, the projected variability of -10.5 to +7.5%, -11.5 to + 6.4, and -10.2 to 10.2% were 
corresponding to the RCP2.6, RCP4.5, and RCP8.5 scenarios, respectively, for the projected future 
relative to the reference period. Using a simple average among GCMs for each particular scenario, 
we can quantify that there will be -1.7%, -0.1%, and -2.0%  changes in mean annual rainfall under 
the RCP2.6, RCP4.5, and RCP8.5 scenarios, respectively, in the projected period. Based on the 
projected results, rainfall tends to decrease and other variables (runoff and evaporation) were 
changes in the same trend as rainfall. 
 
Table 5.2 Projection of mean annual surface air temperature changes in 2026-2040 
GCMs 
Surface air temperature changes (°C) 
RCP2.6 RCP4.5 RCP8.5 
MIROC 1.47 1.27 1.77 
HadGEM 1.90 1.77 2.31 
GFDL 1.46 1.52 1.70 
IPSL 1.54 1.75 2.02 
NorESM 0.90 1.09 1.21 
 
Fig. 5.4 to Fig. 5.7 show spatial distributions of average annual temperature, rainfall, evaporation, 
and runoff, respectively. The figures showed the spatial average in the past (left, 1986-2000), 
ensemble average (e.g., Jackson et al., 2011) using five GCMs under three climate change 
conditions – RCP2.6, RCP4.5, and RCP8.5 scenarios (middle, 2026-2040), and the difference 
values between the projected and reference periods (right). 
 
For the air temperature, all scenarios projected rising trend in every single area. The projected 
results showed good agreement with the forcing conditions; lowest in the RCP2.6 scenario and 
highest in the RCP8.5 scenario. The upper basin and Nan and Yom sub-river basins showed 




sub-basin. There were both increase and decrease in projected rainfall changes except the 
projection under the RCP4.5 scenario. This scenario showed over the whole basin rainfall might be 
reduced by 20 mm to 50 mm relative to the period (1986-2000). However, what all scenarios 
showed their agreement was the lower part of the UCP will likely subject to rainfall reduction, 
especially lower Ping sub-basin. On the other hand, RCP2.6 suggested rainfall will increase in the 
future in the Ping sub-basin. For the evaporation and runoff (Fig. 5.6 and Fig. 5.7), their spatial 
distributions of these variable showed the same patterns as rainfall since it is the input into the 
system. More rainfall means more available water to evaporate and the rest of that contributes to 
runoff.  
 
Overall discussion, the projection results so far were conducted under three climate scenarios with 
five GCMs out of 45 GCMs (as of September 2013)  that have been studied in climate change 
models (Jones, 2013). This study focused on regional scale, therefore the bias correction method 
that applied to GCM data is one source of uncertainty. For instance, relatively shifting and scaling 
technique does not correct bias of rainfall intensity, bias such as more number of weak rainfall in 
GCMs could result higher interception loss, causing to lower runoff. Results derived from five 
GCMs used could be altered when we consider more number of GCMs. According to this 
projection was focused on near future in order to avoid the effect of land use change, signal of 
climate change may not be clearly seen yet in the target period. Hence, natural variability of 
modeled climate in the specific ensemble is large, leading the opposite signal, for example, the  






Table 5.3 Projection of mean annual rainfall, runoff, and evaporation in 2026-2040 
Scenarios GCMs 
Mean annual projections (mm) 
Rainfall Runoff Evaporation 
RCP2.6 
MIROC         1,057.5             189.2            868.3 
HadGEM            883.3             137.1             746.1  
GFDL            925.2             161.8             763.4  
IPSL            923.3             144.0             779.2  
NorESM         1,060.6             196.8             863.8  
RCP4.5 
MIROC         1,045.1             188.2             856.9  
HadGEM            938.9             153.6             785.3  
GFDL            873.0             138.8             734.2  
IPSL         1,032.9             186.5            846.4  
NorESM         1,049.8             188.1             861.7  
RCP8.5 
MIROC         1,088.2             205.6             882.6  
HadGEM            885.9             135.7             750.3  
GFDL            904.4             152.0             752.4  
IPSL            888.4             140.8             747.6  




























































   
Fig. 5.4 Spatial distribution of average annual air temperature – current period, projection period 














































   
Fig. 5.5 Spatial distribution of average annual rainfall – current period, projection period using 














































   
Fig. 5.6 Spatial distribution of average annual evaporation – current period, projection period 














































   
Fig. 5.7 Spatial distribution of average annual runoff – current period, projection period using 




5.3.2 River discharge 
Fig. 5.8 shows variability of mean monthly river discharge at the selected gauging stations in the 
study basin. They cover drainage areas from a few thousand square kilometers (e.g., P1 station) to 
approximately one hundred thousand square kilometers (C.2 station, basin outlet). Black-dash line 
represented for the retrospective observation (mean monthly over the period 1986-2000) as well as 
a one standard deviation range (band) using observed data for the analysis. This past information 
was added for a purpose of comparison. Color marks (future projection under climate change 
scenarios): green (∆), red (), blue (o), orange (×), and black (+) represent for the MIROC, 
HadGEM, GFDL, IPSL, and NorESM GCM projections, respectively. They were totally projected 
of river discharges under fifteen experiments (five GCMs × three scenarios). 
 





) because this period was governed by reservoir operations. During the 





 from 15 years on average) but rainfall was maximum in September. 
This can be roughly estimated that a travel time of surface water in the UCP is approximately 1 
month. However, for the station which are not subject to reservoir effects (upper areas), there were 
almost zero discharge during the dry season. As shown in the figure, from January to May, the 
projections of river discharges resulting from multi GCMs and scenarios were decreases for the 
stations (i.e., P.1, W.4A, Y.1C, and Y.6). In contrast, during the second monsoon period (August 
to October) river discharges in the upper area (mountainous region) showed significantly increased 
since their projected results (for example, the P.1 and W.4A stations) were above the one standard 
deviation range. In addition, increasing trend of rainfall in this region has been observed (Kuraji et 
al., 2009). In terms of spatial distributions, the projections showed the increasing river discharge in 
the upper basin while decreasing trend in the lower area. It is clear if we look at the spatial 
distributions of runoff (Fig. 5.7). Fortunately, the lower basin can take advantage of the reservoirs 
(section  4.2.1); therefore, climate change impact on river discharge might not much changes 
except the sub-basin of the Yom River. Since the C.2 discharge acts like input water for the LCP, 
as shown in the projected results (March to May), all experiments suggested decreasing tend and 
outside the lower one standard deviation band. This signal is important to looking for some 





Fig. 5.8 Comparison of past (1986-2000) and projected (2026-2040) river discharges. The light 


























































































































































































































































































































































































































































































































5.3.3 Groundwater recharge 
Fig. 5.9 shows temporal variation of mean monthly groundwater recharge for both the reference 
(1986-2000) and projection (2026-2040) periods. Nearly 100% of the recharge occurs between 
May and October. The maximum groundwater recharge month for both the reference and projected 
periods is during August-September, which is also the period with the greatest rainfall: there was 
approximately 93 mm in mean annual groundwater recharge or approximately 9.4% of the mean 
annual rainfall, according to the historical simulation. The amount of calculating groundwater 
recharge is consistent with those from other studies of the UCP, such as Ramnarong and 
Wongsawat, 1999; Döll (2009); and Koontanakulvong et al., 2010. The future projections showed 
a large range in the mean annual groundwater recharge, from 63 mm (a -32.3% decrease) to 98 
mm (a +5.4% increase). This range is consistent with the findings of Döll (2009), who obtained 
projected changes in groundwater recharge in Thailand from -30% (decrease) to +10% (increase) 
by 2050, using the ECHAM4 and HadCM3 models under the A2 and B2 scenarios. In addition, we 
noted that the projections varied predominantly by GCM rather than by scenario. This highlights 
that groundwater recharge projections are sensitive to the GCM used (e.g., Döll (2009); Kurylyk 
and MacQuarrie, 2013).  
 
Fig. 5.10 shows spatial distribution of mean annual groundwater recharges over the projected 
period in the entire basin. These future projections had done for the fifteen experiments by five 
GCMs forced by three scenarios. In addition, ensemble average (Jackson et al., 2011) of spatial 
distributions for each scenario and mean historical simulation are presented. Based on the 
ensemble results, there were 87.0 (-6.4%) mm, 88.1 (-5.2%) mm, and 84.3 (-9.3%) mm decreases 





Fig. 5.9 Temporal variation of mean monthly groundwater recharges: black dash line is temporal 
variation of mean monthly groundwater recharge over the period 1986-2000 (reference period), 
green line is temporal variation of mean monthly groundwater recharge over the period 2026-2040 
(projected period under various GCMs and scenarios), and blue bar is the variation of groundwater 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Maximum projected decrease in the mean annual groundwater recharge was approximately – 22.2 
(24%) mm, obtained with the HadGEM model for the RCP8.5 scenario (highest greenhouse gas 
emission scenario), and is attributable due to the extreme decrease in rainfall projected. On the 
other hand, the same experiment (RCP8.5) under the MIROC model projected increasing mean 
annual groundwater recharge by 5.4% relative to the period 1986-2000. However, it should be 
noted that the decreasing rate of groundwater recharge is evidence of the effect of evaporation 
driven by increasing surface air temperatures. If we compare the range of projected change in the 
mean annual rainfall (from -15.0% to +6.1%) and groundwater recharge (from -24% to +5.4%), we 
see that the range of projected change in groundwater recharge is larger. 
 
5.3.4 Groundwater storage 
Fig. 5.11  shows the historical and projected simulations of mean monthly groundwater storage 
averaged over the whole basin. In general, the groundwater storage gradually decreases during dry 
season but responds notably to groundwater recharge during the wet season and reaches a peak in 
September (one month after the maximum rainfall in August) except experiments under IPSL 
model. The figure illustrates the variation for the historical simulation and the future projections 
(mean monthly for fifteen experiments), as well as storage changes – difference values between 
furure and historical periods. In the historical simulation, the groundwater storage varied from 69.5 
km
3 
in April to 73.6 km
3 
in September. Comparing the fifteen projections with the historical 
simulation, we see that decreases in the mean monthly groundwater storage are projected for 
almost scenarios. The impact of climate change can be assessed based on the relative change in 
groundwater storage (difference in value between the 1986-2000 and mean monthly groundwater 
storages). As shown in the figure (red line), the temporal variation and relative change that 




GCMs forced by three changing climate conditions. According to the relative change in 
groundwater storage, there were clearly seen that almost total fifteen experiments showed 
decreasing in groundwater storage relative to their reference valuse for all months of the year 
except the IPSL model (all scenarios) which were projected proximately 1 month ealier (from 
September to August) peak in the storages. However, the most pronounced decreasing 
approximately of 2.2 km
3
 in groundwater storage was detected from six out of fifteen experiments, 






Fig. 5.11 Temporal variation of mean monthly groundwater storages: black dash line is temporal 
variation of mean monthly groundwater storage over the period 1986-2000 (reference period), 
green line is temporal variation of mean monthly groundwater storage over the period 2026-2040 
(projected period under various GCMs and scenarios), and red line is the variation of groundwater 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 5.12  Groundwater recharge-storage-reduction relationship in the UCP 
 
Fig. 5.12 shows correlation between the percentage reduction in groundwater recharge and the 
changes in mean annual groundwater storage projected with nine GCM experiments that showed 
decreasing trend in groundwater recharge. The results are not surprising, considering that the 
projection patterns of rainfall and groundwater recharge varied predominantly by GCM (see lable 
for each experiment). However, in the projection results we can see an envelope of reduction in 
groundwater storage, which was the results from only three GCMs, ranging from 1.20 to 2.20 km
3 
for reductions in groundwater recharge ranging from 1.0 to 24.0%.  
 
5.4 Climate change adaptations 
Based on the findings, climate change may alter hydro-meteorological patterns in the UCP. 
Surface temperature is expected to increase by 1.4 °C to 1.8 °C around the middle of this century. 
The first monsoon tends to decrease, but the second one shows increasing trend. This interannual 























































2014; Watanabe et al., 2014). Better water resources management for both structural and 
nonstructural measures are needed. Reservoir operation option, which is a kind of policy, was 
modeled and simulated by Mateo et al. (2013). The study reveals that the operation of the Bhmibol 
and Sirikrit reservoirs during the mega-flood in 2011 event, approximately 8.6 billion m
3
 of 
downstream flood volume reduced. Further adapting of reservoir rule curves have been simulated 
and approximately more 2.4 billion m
3
 would be reduced if the proper rule was applied. There 
were clear interrelationship of flood inundation inducing groundwater in a floodplain area 
(Kazama et al., 2007). Based on statistic and scientific studies, flooding is such a normal 
hydrological extreme event in the UCP and its revisit periodically (e.g., Hungspreug et al., 2000; 
Komori et al., 2012; Pavelic et al., 2012). Thus, a flood harvesting scheme should be implemented 
in order to take advantage of this phenomena for buffing drought that might be posed by climate 
change in the first monsoon. As suggested by Pavelic et al. (2012), allocation of areas varies from 
70 km
2
 to 340 km
2
 (depend on infiltration rate) in the UCP should deserve for constructing 
infiltration ponds. This option is expected to cut flood peak (benefit for the LCP) and increase 
groundwater for its own basin (UCP). According to the Royal Irrigation Department and 
Department of Groundwater Resources, groundwater resources is now playing an important role 
for buffering or alleviating surface water shortage or even explore for other new irrigation areas. 
Pratoomchai et al. (2015a) propose shifting a crop calendar by 1.5 months earlier (from middle of 
June to beginning of May) and enhance use groundwater if surface water is not available for 
supporting the suggested option. However, approximately 1.4 in CI able to support by the above 
mentioned shifting calendar or else groundwater might deplete. In addition, this changing calendar 
is shown suitable period to grain maximum production of rice (Champatong et al., 2011). The 




Sturcutal measure, however, there was a proposal from the Royal Irrigation Department (2014) to 
construct floodways in order to cut flood peak from the UCP and drain that volume into another 
basin or directly to the sea (Gulf of Thailand). In fact, this option needs a significant amount of 
investment and definitely environmental impacts are inevitable. Constructing more small 
reservoirs and wetlands have implemented; these options were applied throughout Thailand to 
increase coping capacity of the country to handle both flooding and drought. Land use 
management is another option to integrate into a master plan towards sustainable development. For 
example, Ono et al. (2014) provided natural disaster maps associated with rainfall induced 
landslide in Thailand which induced by changing climate. The kind of information needs to be 
considered for better future land use management. 
 
5.5 Summary 
The projected results of climate variable, groundwater recharge and storage were conducted under 
three climate scenarios with five GCMs out of 45 GCMs (as of September 2013)  that have been 
studied in climate change models (Jones, 2013). This study focused on regional scale, therefore the 
bias correction method that applied to GCM data is one source of uncertainty. For instance, 
relatively shifting and scaling technique does not correct bias of rainfall intensity, bias such as 
more number of weak rainfall in GCMs could result higher interception loss, causing to lower 
runoff and groundwater recharge as well. Results derived from five GCMs used could be altered 
when we consider more number of GCMs. 
 
According to our projection was focused on near future in order to avoid the effect of land use 




variability of modeled climate in the specific ensemble is large, leading the opposite signal 
between RCP4.5 and other scenarios in rainfall and runoff. This also the cause of the result to other 
GCMs showing groundwater change is not proportional to the degree of emission scenario (Fig. 
5.12). 
 
The projected changes in groundwater resources vary primarily by GCM rather than by climate 
scenario. However, decreases in both groundwater recharge and storage were projected for almost 
all scenarios. The results of the relative change in groundwater storage confirm that future climate 
change will cause a reduction in groundwater resources. A groundwater recharge–storage–
reduction curve was constructed to estimate the change in groundwater recharge in the UCP as a 
function of storage under climate change conditions. 
 
This study is the first projection of groundwater recharge and storage covering the entire UCP 
using the latest greenhouse gas emission scenarios. The large ranges in the projections of 
groundwater recharge and storage reveal the influence of the choice of GCM and scenario that is 
inevitable when using climate projection models (Döll, 2009; Kurylyk and MacQuarrie, 2013). An 
assessment should be conducted with an appropriate technique, such as a probabilistic approach or 
multi-model ensemble technique, to better quantify and reduce the uncertainty in these projections 
(Kurylyk and MacQuarrie, 2013). However, the probable range of impacts of climate change on 
groundwater recharge and storage in the UPC was revealed in this study. The results demonstrate 
that the selection of a global climate model influences the projections in both direction and 




understanding of groundwater resources and to quantitatively project the effects of climate change 


























PEOPLE’S PERCEPTION (PP) OF CLIMATE CHANGE AND ITS 
POTENTIAL IMPACTS ON GROUNDWATER  
  
6.1 Introduction and the Sukhothai Groundwater Irrigation Project 
6.1.1 Overview 
Despite the many studies attempting to understand the potential impacts of climate change on 
water resources, especially on groundwater, these effects are not yet clear (e.g., Döll 2009; Jackson 
et al., 2011). Understanding people’s behaviors may help clarify the results of the study. 
 
The use of questionnaires and surveys to determine PP (Manandhar et al. 2012, 2013), which is a 
way to understand people’s behaviors in relation to water use and hydro-meteorological events, 
may reveal some of the specific characteristics associated with human activity, which affects water 
resources. In accordance with our focus on groundwater and its potential impacts due to climate 
change, an intensive groundwater irrigation area (Royal Irrigation Department, 2008) known as the 
Sukhothai Groundwater Irrigation Project (SGIP) was selected as the study area. In addition, using 
PP is such a challenge to researchers for conducting their research that if its reliability can be 
understood, this option may work in an area where observed data are not available. 
 
This chapter consists of 3 major aspects, i.e., survey-based PP questionnaire, hydro-meteorological 
analysis and synthesis, and potential of current and future climate change impacts on water 
resource  that allow me to conduct an in-depth investigation on how the local people have 
perceived and understood hydro-meteorological changes, future climate change, and their concern 
about its potential impacts on available water.  
 
6.1.2 Sukhothai Groundwater Irrigation Project (SGIP) 
The SGIP (Fig. 6.1a, b, approximately 200 km
2
 of the area) is located in the Sukhothai province 
and in the Yom sub-basin. It is the only sub-basin in the UCP that lacks of extensive infrastructure 






(Department of Water Resources, 2007). Because of this feature, excessive river discharge over its 
channel capacity often occurs in September to October, and the river runs out of discharge in 
February to May. Such challenges present major problems to the locals, the majority of whom are 
farmers. To improve their standard of living, the Royal Irrigation Department, with support from 
the government of the United Kingdom, developed a groundwater irrigation project (SGIP, with a 




Fig. 6.1 Sukhothai Groundwater Irrigation Project and hydro-meteorological stations use 
 
Growing rice is a lifeline for people in the SGIP. As shown in Fig. 6.1c, these records indicate the 
statistic among the rice growing area (km
2
), the rice yield (ton km
-2
), and the average household 
income (baht month
-1
).  From 2002 to 2008, the average rice production area covered 
approximately 1,764 km
2
. However, this average value dramatically increased by 65% (relative to 
the period 2002-2008) or 1,153 km
2

















































































































































c)  Rice plantation area, yield, and average monthly household income
     in the Sukhothai province
b)  Sukhothai Groundwater Irrigation Project (SGIP)
An overview of the Upper Chao Phraya basin          













increase in this period. In terms of the economy, the average monthly household income was 
approximately 16,800 baht in 2011, which was 150% higher than the income in the year 2000. 
However, this value is still below the country average, which was approximately 21,950 baht 
month
-1
 (National Statistical Office, 2014). Thus, we may say that Sukhothai is still below the 
poverty line. 
 
6.2 Data collection  
6.2.1 Questionnaire survey for understanding PP 
A questionnaire was designed to conduct a household/ groundwater well survey and to assess PP 
of past hydro-meteorology, climate change, and its potential impacts on water resources, i.e., flood 
and drought events referenced in earlier studies (Manandhar et al. 2015). Table 6.1 and Appendix I 
show detailed information on the questionnaire used for this study. Altogether, 52 open- and close-
ended questions were included, and the survey was conducted in Thai, taking approximately 45 
minutes (face-to-face interviews) to complete for each household/ sample. The survey sample size 










   (6.1) 
 
where N, Z, P, d, and n are the total number of groundwater pumping wells (equal to a number of 
zone mans who are responsible for operating the wells and equal to total samples or population), 
the standard variation at a 95% confidence level (1.96, from the normal distribution table), the 
estimation of sample (0.1 or 10%), an error limit of 5% (0.05), and the population (samples) that 
need to collect in order to satisfy the determined confidence level (95%), respectively. Given that 
there are 204 groundwater-pumping wells (zone mans) in the SGIP, 82 samples were required to 
satisfy the chosen confidence level. For the purpose of this study, climate change is defined as a 
change in the local climate relative to past years, which is gained through continuous exposure to 
the local environment. Furthermore, descriptive statistics, such as summation and frequency, were 




6.2.2 Questionnaire questions 
 
Table 6.1 Key aspects of the questionnaire used in the household survey 
Key aspects Content details Objectives 
General information − Family size (number of 
members) 
− Age, education, occupation 
− Income and its source 
− Land ownership 
To collect general information for 
evaluating the standards of living 
of local people 
Climate change − Perception of climate change 
− Hydro-meteorological trends 
(frequency and intensity) 
− Impact of climate change on 
water resources and rice 
production 
To understand people’s 
perceptions of hydro-
meteorological events, trends and 
their impacts 
Flood and drought − Local understanding of extreme 
events 
− Intensity and duration of floods 
and droughts 
− How they are concerning to the 
problems 
To assess extreme hydro-
meteorological events (i.e., floods 
and droughts in the past) and how 
and what local people on the 
problems that may be induced by 
climate change 
Groundwater and its 
role 
− Local understanding of 
groundwater occurrence, 
movement, situation, and 
sustainable use 
− Purpose, amount and duration of 
groundwater use, period of 
pumping out 
− Local concerns about climate 
change impacts on groundwater 
in the future 
To assess the importance of 
groundwater to local people and 
their perception of future 




6.3 Data analysis  
6.3.1 Hydro-meteorological trend analysis and extreme events 
Standardized Precipitation Index (SPI) is a popular index for assessing dry and wet conditions 
(WMO, 2012) because it only needs precipitation as input data. It is based on the probability of 
precipitation for any time scale and was originally developed by McKee et al. (1993). The SPI 
values are in units of standard deviation the long term median, which can categorize wet or dry 




Mitigation Center 2014). For this study, we used developed and available software (SPI_SL_6.exe) 
from the National Drought Mitigation Center (USA) to calculate the SPI values for 3, 6, and 12 
month time scales. In general, negative SPI values represent rainfall deficit (dry condition), and in 
contrast, positive SPI values indicate rainfall surplus (wet condition). In our study, the dry 
condition (drought) was considered if the SPI values were less than or equal to -1.0, and the wet 
condition (flood) was considered if the SPI values were greater than or equal to +1.0. 
 
To validate the applicability of the SPI index, a synthesis of water-year conditions (flood and 
drought years), which were based on 2 observed types of data: the river discharge (i.e., annual 
momentary peak and annual discharge volume at Y.6 gauging station) and the channel capacity at 
Ban Hat Saphan Chan (Fig. 6.1b) was applied. The flood-year condition was calculated by 





 (information from Royal Irrigation Department’s officers during the field survey). If 
the momentary peak is over the channel capacity, we consider that year to have flooding. For the 
drought condition, however, the annual discharge volume of the 58 year observations (58 samples) 
is used in quartile analysis (Dingman 2008), and the discharge volume from the first quartile 




) and below is considered as the condition for a drought year. The 
predicted flood and drought years were incorrect if the SPI results did not agree with the synthesis 
results. 
 
In terms of quantitative values of observed rainfall (annual rainfall and a number of rainy days) 
and surface air temperature (annual mean temperature and a number of hot days), the mean, 
standard deviation (SD), and p-value were used. For this study, the p-value was based on Mann-
Kendall test (refer to Helsel et al. 2006), which is the widely used hydro-meteorological time series 
test, and is considered to be a statistically significant change if the p-value ≤ 0.05 or at the 95% 
confidence level. 
 
6.4 Results and discussion 
6.4.1 General information of households (respondents) from the SGIP 
A total of 102 households (respondents) were surveyed at the SGIP, which was much more than 




provide a margin of safety in the event that some of the household surveys prove to be unusable 
for some reason. There were no missing data; therefore, all 102 samples were analyzed. Fig. 6.2 
shows demographic information, quantified as percentages inside color bars. The respondents were 
77.5% male and 22.5% female (Fig. 6.2a), and 70.6 and 18.6% corresponded to age groups of 41 
to 60 and older than 60 years old, respectively (Fig. 6.2b). 26 and 76 year olds were the youngest 
and oldest of our respondents. All of the households rely on rice cultivation and use groundwater 
as a main water source. 2 crops, i.e., a wet season crop (May – August) and a dry season crop 
(November – February), are commonly grown. Years of farming experience, shown in Fig. 6.2c, is 
one of the key pieces of information.  
 
 
Fig. 6.2 General information of households from the Sukhothai Groundwater Irrigation Project 
 
The higher the years of farming experience, the longer the exposure to the local climate will be, 
which might help respondents perceive the long-term hydro-meteorological changes in the locality. 
Respondents had been involved in agriculture for varying lengths of time (i.e., ≤ 10 years − 4.9%, 
11 to 20 years − 28.4%, 21 to 40 years – 55.9%, and longer than or equal to 41 years − 10.8%). On 
average, respondents under 26-40, 41-60, and 61-76 years old categories have 14.7, 27.4, and 39.6 
years of farming experience, respectively. In regards to literacy level, 75.5, 23.5, and 1.0% of the 
respondents had elementary school, high school, and university degrees, respectively (Fig. 6.2d). 







































































Sex Age (years) Experience in 
agriculture 
(years)
















than 10,000 baht, respectively (Fig. 6.2e). However, these income ranges were below the average 
monthly household income in the northern region of Thailand (17,350 baht) and in Sukhothai 
province (18,098 baht), respectively (Natioanl Statistical Office, 2014). In other words, the 
majority of the families surveyed could be classified as poor. 
 
6.4.2 PP of temperature and rainfall changes 
Surface air temperature changes 
PP of past surface air temperature changes is analyzed for three different age groups or generations 
(i.e., 76-61, 60-41, and 40-26 years old) and all respondents (for overall perception). It will help us 
understand how different years of agricultural experience and exposure to the local environment 
have shaped climate change perceptions among different generations.  
 
Fig. 6.3a shows percentages of households perceiving past surface air temperature changes. Very 
high percentages (84.2-100.0%) of respondents were counted in the increasing surface air 
temperature category. There were no respondents in the decrease and no change categories. 
However, only a small percentage (5.6-15.8%) were counted in the not sure category. Based on 
these results, we could conclude that a large majority of the respondents perceived that surface air 
temperature was increasing. 
 
PP of temperature changes would have been further cross-checked by comparing to observed 
temperature data. However, observed temperature data were not available at the SGIP; therefore, 
the data for the SGIP area were averaged from 3 surrounding weather stations (Fig. 6.1a) and 
shown in the green, blue, and red lines for 1955-1972, 1973-1992, and 1993-2012 periods (Fig. 
6.3b and Fig. 6.3c), respectively. Annual mean surface air temperature and the number of hot days 
showed increasing linear trends (dash-pink lines) over the past 58 years (Fig. 6.3b and Fig. 6.3c). 
Here, days with Tmax. (daily maximum) ≥ 34.7 °C are considered to be hot days (Jongjaidee et al. 
2010, a popular species of Thai rice, Chai Nat I, will drop by 20 to 30% if surface air temperature 
rises from 34.7 to 36.4 °C. Thus, we may assume 34.7 °C to be a critical (hot day) threshold 
surface air temperature for this study). However, only the annual mean surface air temperature 
trend showed a significant increase at the 95% confidence level by means of the Mann-Kendall test 




annual mean surface air temperature and the number of hot days showed very similar trends 
(shown in dash black lines) and increasing mean values. The first 2 periods (1955-1972 and 1973-
1992) showed increasing trends, which were statistically significant for the annual mean surface 
air temperature (p-value = 0.050 in 1973-1992), but the latest period (1993-2012) showed 
decreasing trend. Observed data spread out from the mean (SD) and tended to expand in 
succeeding period, which might be an effect of climate change. 
 
Fig. 6.3 Analysis of people’s perception (PP) and observations of annual mean surface air 
temperature and a number of hot days. a) Percentages of household perceiving past surface air 
temperature changes under different age groups, b) and c) are temporal variability of annual mean 
surface air temperature and a number of hot days, respectively. Dash-gray line, dot-gray line, and 
solid-gray line stand for observed data of the Phrae, Tak, and Phitsanulok stations, respectively. 
The green, blue, and red lines are averaged values from 3 observed stations for 1955-1972, 1973-
1992, and 1993-2012 periods, respectively. Linear trends of the total available data (1955-2012) 
and 3-interval periods are represented in the dash-pink and dash-black lines, respectively. There 
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Mean = 27.27  C 
SD = 0.49
p-value = 0.649
Mean = 27.64  C 
SD = 0.39
p-value = 0.050*
Mean = 27.73  C 
SD = 0.52
p-value = 0.127
Mean = 104 days  
SD = 13.21
p-value = 0.980
Mean = 106 days 
SD = 14.88
p-value = 0.080















Fig. 6.4 Analysis of people’s perception (PP), and observed annual rainfall and a number of rainy 
days. a) Percentages of households perceiving past rainfall changes under different age groups, b) 
and c) are temporal variability of annual rainfall and a number of rainy days (Rainfall > 0.0 mm), 
respectively. Dash-gray line, dot-gray line, and solid-gray line represent observations from Phrae, 
Tak, and Phitsanulok stations, respectively. The green, blue, and red lines are averaged values 
from 3 observed stations for the 1955-1972, 1973-1992, and 1993-2012 periods, respectively. 
Linear trends of the total available data (1955-2012) and 3-interval periods are represented in the 
dash-pink line and dash-black line, respectively. 
 
The comparison of PP (by different generations) to observed data (both the surface temperature 
and the number of hot days) showed contrasting results for the age group 40-26 years (with an 
average of 14.7 years agricultural experience). Their perception of increasing temperature was 
found to be the opposite of the observed decreasing trend in last two decades (1993-2012). Our 
hypothesis was that the youngest generation would perceive changes that have happened in the last 
2 decades, but the observed data and trends showed high variability (relative to other periods) and 
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Mean = 112 days  
SD = 12.75
p-value = 0.139
Mean = 108 days 
SD = 11.12
p-value = 0.006*
Mean = 113 days 
SD = 12.43
p-value = 0.055*
Mean = 1,162 mm  
SD = 154.35
p-value = 0.820
Mean = 1,138 mm
SD = 137.59
p-value = 0.085












exposure to local climate (27.4 (60-41 years old), and 39.6 (76-61 years old) years farming 
experience) showed convincing results. High percentages (84.2-94.4%) of respondents perceived 
increasing temperature, which was in good agreement with the long-term (1955-2012) statistically 
significant increasing trend in the annual mean surface air temperature. Some respondents were not 
sure about surface air temperature changes, as they might be confused by the high variability of the 
temperature over the period from 1993-2012. 
 
Rainfall changes 
Fig. 6.4a shows percentages of households perceiving past rainfall changes under different age 
groups. Based on the overall percentage of respondents from all age groups (excluding the 40-26 
years old), 47.4-50.0%, 46.1-47.9%, and 3.9-5.3% of household perception of past rainfall changes 
corresponded to the decrease, increase, and not sure categories, respectively. 63.6% of the young 
respondents (26-40 years old) perceived that the rainfall was decreasing. The exact same 
percentage of respondents in the elder age groups (76-61 and 60-41 years old) perceived increasing 
and decreasing rainfall. Thus, we noted that there was no majority opinion on past rainfall changes. 
Following the same fashion as surface air temperature, an analysis of observed annual rainfall and 
the number of rainy days for 3 periods was performed and is shown in Fig. 6.4b-c, respectively. 
 
Comparing the young respondents’ perception of rainfall changes to the observation in 1993-2012 
(20 years) revealed that the majority of them (63.6%) shared the wrong perception. High 
variability of annual rainfall in this period (SD = 183.26) relative to the rest 2 periods (1955-1972 
and 1973-1992, which had the SD values of 154.35 and 137.59) could be a potential reason behind 
the incorrect perception of rainfall changes. In fact, there were increasing, decreasing, and again 
increasing rainfall trends during the 3-consecutive periods (i.e., 1955-1972, 1973-1992, and 1993-
2012 periods), respectively. PP results of the elder age groups (76-61 and 60-41 years old), which 
showed almost the same percentages among decreasing, increasing, and not sure categories on past 
rainfall trends, indicate that they correctly perceived local rainfall changes (with no majority 
opinion on increasing or decreasing rainfall). In other words, the rainfall (amount and rainy days) 
change (1955-2012) was not a statistically significant change; therefore, the people could not 





Fig. 6.5 a) and b) are percentage of households perceiving hydrological extreme events (flood and 
drought); c) to e) are multiple-SPI values (Standardized Precipitation Index) for 3, 6, and 12 
months, respectively; solid blue dot, solid red dot, and rectangular dash line stand for flood and 
drought prediction, and incorrect prediction of water-year conditions, respectively; f) to h) show 












































































0 1000 2000 3000 4000








































































































































































































































































































































































































































































































































































































Data from 1955-1972 Data from 1973-1992 Data from 1993-2012
Normal year (5 events)
Drought year (9 events)
Flood year (4 events)
Normal year (6 events)
Drought year (11 events)
Flood year (3 events)
Normal year (11 events)
Drought year (3 events)
Flood year (6 events)
Flood = 3 events, Drought = 7 events
Flood = 3 events, Drought = 5 events
Flood = 3 events, Drought = 10 events
Flood = 3 events, Drought = 6 events
Flood = 6 events, Drought = 5 events
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6.4.3 PP of past hydrological extreme events (flood and drought) 
An analysis of the percentage of households perceiving flood and drought events under different 
age groups are shown in Fig. 6.5a and Fig. 6.5b, respectively. For PP of flood, in general, 72.7-
84.2% were counted in the not sure or no idea category. Between the increasing and decreasing 
flood trends, a group of 40-26 years old (18.2%) believed that floods were increasing, and 9.1% 
believed that it was decreasing. For the 2 older age groups, 15.8-18.1% shared that floods were 
decreasing, but 1.4% perceived an increasing flood trend. 
 
In case of drought perception, 100.0%, 87.5%, and 89.5% of respondents corresponded to 40-26, 
60-41, 76-61 year olds, respectively (Fig. 6.5b). Especially for the youngest age group, they 
(100.0%) strongly believed that droughts were increasing. However, some percentage of the old 
generation (10.5-12.5%) believed that droughts were decreasing. Observed hydro-meteorological 
data were further analyzed to confirm PP of extreme events. Fig. 6.5c to Fig. 6.5e show multiple-
temporal analysis of SPI for 3, 6, and 12 months, respectively, using the average monthly rainfall 
from the 3 stations.  These results closely resemble the analysis flood event in the UCP (Komori et 
al. 2012; Pavelic et al. 2012). During 1967-1993, the Thai Meteorological Department (2014) 
reported that Thailand faced droughts in 1967, 1968, 1977, 1979, 1986, 1987, 1990, 1991, 1992, 
and 1993. These years were in agreement with the synthesis of drought years. Thus, average data 
from 3 stations can be used for hydro-meteorological analysis for the SGIP. 
 
The SPI values for the 3-month analysis showed an overestimation of the number of flood and 
drought events. The SPI values for the 6-month analysis showed 12 (13 from the synthesized 
analysis) flood years and 22 (23 from the synthesized analysis) drought years in past 58 years 
(1955-2012). Furthermore, the 12-month SPI values showed 12 flood events, which was exactly 
the same as the 6-month SPI values. However, it estimated a lower number of drought years (13 
out of 23 events (synthesized analysis)). Incorrect predictions of flood events under the 6-month 
SPI occurred more often (Fig. 6.5d) than the 12-month SPI (Fig. 6.5e). Therefore, we would note 
that the SPI values for 6 and 12 months are suitable for drought and flood analysis for the study 
area, respectively. Furthermore, the results in Fig. 6.5d-e, which are based on the observed data 




are observed at the SGIP, are reasonable, relative to one another, thus suggesting that the average 
data from 3 stations can be used for hydro-meteorological analysis for the SGIP. 
 
Comparing the PP of flood to the flood-synthesized events, we could say that the majority of 
people did not correctly perceive the flood events (72.7-84.2% corresponding to the not sure or no 
idea categories of the flood trends). In addition, some respondents (9.1-18.1%) believe that floods 
are decreasing, but the flood synthesis data show increasing trends, especially during the last 2 
decades. For PP of drought, all age groups perceived that droughts are increasing. The perception 
of increasing drought is especially strong among the young age group (40-26 years old). In fact, 
during the last 2 decades, there were only 3 major drought events, and the trend was definitely 
decreasing relative to the 1955-1972 (9 events) and 1973-1992 (11 events) periods. These results 
reveal that majority of people have misperceptions of the flood trend in their locality. A potential 
reason for this can be the different durations of hydrological extreme event experience. Although 
the flood trend is increasing, it has a relatively short duration (approximately 1 week) in 
comparison to droughts, which lasts for 5 months. Therefore, people perceived that droughts have 
increasing trends, while floods have decreasing trends. 
 
6.4.4 PP of groundwater use 
Fig. 6.6a shows PP of past groundwater use under different age groups. In general, the majority of 
households (76.4-84.2%) perceived that groundwater use was increasing. However, there were 5.3-
13.9% and 6.9-18.2% corresponding to the not sure and decreasing trend categories for past 
groundwater use. To check whether their perception is correct or not, it is compared to observed 
extracted groundwater volume and groundwater level data. Fig. 6.6b shows observed extracted 
annual groundwater volume in the SGIP and water-year conditions based on the synthesis results.  
 
1990, 1991, 1992, 1993, 1997, and 1998 were counted as drought years, and the extracted annual 









 of groundwater was extracted in the flood years (i.e., in 1994, 1995, 2001, 2003, 2006, 
and 2011). However, during the last 10 years, there was no major drought (Fig. 6.5h), but 
groundwater extraction showed steadily increasing trends (except in 2011, which was the largest 




compared to other years, the 2011 flood was expected to produce more groundwater recharge. 





, respectively, which were higher than the extraction volume in 1993 (where at least one 
drought occurred in the 58-year return period). If we considered the drought years, there were 
variations in the annual discharge volume of approximately 1,000 to 1,900 × 106 m3 and the 




. However, in 2012, the annual 




, which could be classified as a flood year 




) was higher than the drought years. We 
would note that in the latest decade, groundwater use not only depended on hydrological 
conditions, such as drought, but also on other factors (e.g., irrigation copping intensity and 
expansion of rice production area).  
 
 
Fig. 6.6 a) Percentage of people’s perception (PP) of past groundwater use, b) observed data of 
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This increasing use of groundwater is perceived well by the people. In addition, temporal 
variability of monthly groundwater levels (Fig. 6.6c) showed very clear decreasing groundwater 
levels. This evidence confirmed that the people had changed their activities, which caused more 
groundwater use. 
 
6.4.5 PP of future climate change and its potential impacts 
Almost 100% of our questionnaire respondents were familiar with the word climate change, 
mainly from mass media outlets, such as television and radio. However, their definition and 
understanding of climate change is quite narrow on surface air temperature changes (rise). 97.1% 
of respondents believed that climate change causes surface air temperature to rise. 16.7, 10.8 and 
72.5% of respondents perceived that climate change was caused by natural processes, human 
activities, and by a combination of natural and human activities, respectively. The PP is contrary to 
scientific consensus, which accredits human activities as its major cause (95%, IPCC 2013). 
 
PP of potential impacts of climate change, surface water, groundwater, and future climate change 
trends are shown in Fig. 6.7a-d. Fig. 6.7a shows the percentage of respondents perceiving climate 
change impacts on their daily life (doing agriculture). Almost the same percentage (72.7-73.7%) of 
respondents from all age groups perceived that climate change has the potential to cause problems 
in growing rice (e.g., high evaporation, which forces them to irrigate water into their paddy field 
more times than in the past). However, approximately 18.2-26.4% of the respondents were not sure 
about the potential climate change effects on agriculture. In addition, approximately 9.1% of 
respondents in the younger age group did not perceive any impacts of climate change. Surface 
water, 94.7-100% of respondents from all ages perceived that climate change will cause a 
reduction in surface water (Fig. 6.7b). Nevertheless, for groundwater (Fig. 6.7c), the majority of 
the people (81.8-89.5%) perceived that climate change will not have any impacts on groundwater.  
 
As shown in Fig. 6.7d, the majority of people (76.4-90.9%) shared that climate change (air 
temperature) will most likely continue in the future. 9.7-15.8% of respondents from the old age 
groups believed that climate change will continue in the future. No one shared that the climate will 
go back to its normal condition (e.g., adequate amount of rain). It is even difficult to define what 




increasing and will increase more in the future. For example, in the past, chemical fertilization was 
not needed for growing rice, but currently, without chemical fertilization and pesticides use, there 
will be less rice production – climate change was blamed as a potential cause. 
 
To further check the PP on whether or not there is concern for climate change impacts, questions 
on flood and drought (water supply for houses and rice water shortage for paddy field) 
vulnerabilities were performed. Fig. 6.7e-f also show the PP on climate change induced flood and 
drought vulnerabilities on their houses and paddy fields. Overall, a majority of PP are not 
concerned with climate change induced vulnerabilities for both floods and droughts on both their 
houses and paddy fields. Considering the age groups, the younger age group (40-26 years old) 
shared more concern about climate change induced floods and droughts than the old age groups 
(76-61 and 60-41 years old). In terms of vulnerability, the PP shared more concern regarding 
floods (37.3-45.5% for their houses and 31.6-63.6% for their paddy fields) than droughts (15.8-
45.5% for their houses and 15.8-63.6% for their paddy fields). 
 
There are important points to note on this PP: 1) the majority of opinions believes that climate 
change has an effect on their ability to do their agriculture; 2) they share that climate change 
causes less surface water; 3) although high percentages show that climate change will most likely 
continue in the future, a very high percentage shares that it has less impact on groundwater – a 
misunderstanding of climate change impacts on groundwater; 4) 94.7-100% of PP shared that 
climate change will cause less surface water but 72.2-84.2% (2 older age groups) do not worry 
about droughts; and 5) the younger age group shows more awareness than the older generations on 






Fig. 6.7  a) People’s perception on future climate change and its potential impacts on themselves, 
b) surface water, c) groundwater, d) future climate change trends, e) climate change induced flood, 
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6.5 Utilization of PP for adapting management  
Overall, the local people have been perceiving hydro-meteorological changed, but they 
misperception on its potential impacts, especially on groundwater resources. In other words, they 
count on groundwater  which is the resource that will help them cope with climate change even 
rainfall reducing as well as less available surface water. Based on the above statement, local people 
have limited knowledge about the surface-groundwater interaction and need to break out. This 
misperception may lead them to a high exposure to climate change impacts faster than it should be. 
In addition, PP is needed as integrating factors that are many times ignored when developing 
comprehensive an adapting scheme or management option. Fig. 6.8 shows a wrap up climate 
change impacts on a) temperature, b) annual rainfall, c) mean annual river discharge at Y.6 station, 
and d) sharing of PP on future climate change impacts. The projected results indicate that area 
might subject to drought (less water) since temperature increasing while decreasing in rainfall and 
river discharge relative to the current climate (1986-2000). However, people who are living in the 
SGIP seemed not much worry about climate change impacts on both their houses and paddy fields. 
It was obviously seen from Fig. 6.8d, the majority of them does not aware of climate change 
impacts and might lead to weak cooperation in an implementation stage. 
 
Fig. 6.8 Scientific results (a to c observations and ensemble average of projected temperature, 
annual rainfall, and river discharge at the Y.6 station, respectively) and d) people’s perceptions of 
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Raising awareness of PP on climate change impact is a very urgent issue that an organization in 
change needs to implement. Introducing high technology is not a sure way to solve water resource 
problem, for example, installing high pumping performance to extract even more deep 
groundwater, but people co-operation with scientific and engineering approaches is sound suitable 
and sustainable (Spiller et al., 2015). However, as stated by  Lebel et al. (2009), a local people, 
ethnic group, and so forth have been often ignored from a government or policy-maker when 
assess and formulate a framework and development plan. In other words, vulnerable people/ group 
has less or limited opportunities to design their own future. Giving and enhancing local people’s 




Fig. 6.9 Priority themes for adaptation to natural disasters posed by climate change (FAO, 2011)  
 
So far, knowledge based on a mathematical model (software) has shown a very good job between 
cause and consequence of hydro-meteorological driven water resources. Reducing the vulnerability 
of exposure to climate change impacts can be done by, for example, land-use planning and hazard 
mapping with emphasizing characteristics and understanding of different vulnerability. However, 
in terms of implementation (from word to action), structuring problems with a participation of 
stakeholder are needed, especially when dealing with uncertain situation like climate change 
(Giupponi, 2014). Both structural and nonstructural measures are necessary for enhancing 
capacities to cope and respond in everyday situation and unpredictable event that likely posed by 
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climate change. Fig. 6.9 shows a priority adaptation framework for coping, responding, and 
enhancing resilience to climate change induced natural disasters (e.g., flood, drought, and food 
security) (FAO., 2011). 
 
Based on the framework (Fig. 6.9), this study is very helpful in the reducing vulnerability/ risk of 
climate change since the PP studied had revealed the ground truth and chapter 3 to chapter 5 
provided scientific results of hydro-meteorological variability and anticipated potential impacts of 
climate change (data and knowledge for climate change adaptation). Obviously, what the SGIP’s 
people practice (groundwater consumption) is not a sustainable way since the pumping volume of 
groundwater over its recharge resulting suddenly groundwater level reduction. Reducing cropping 
intensity (rice) from nearly 2.0 to 1.4 (100% and 40% of the field area in the wet and dry seasons, 
respectively) or change to produce other crops (e.g., sweet corn, chili, tomato, and vegetables) are 
recommended (climate smart management of land and water resources). Since the surface air 
temperature shows the increasing trend; rice production is quite sensitive to temperature 
increasing. For example, approximately 20 to 30% rice production (e.g., Chai Nat I) will drop if 
the maximum temperature reaches to a 34.7 to 36.4 °C (Jongjaidee et al., 2010). Improving or 
developing more crop tolerance (modifying its species) in order to cope with future surface 
temperature rise is also urgent.  
 
6.6 Summary  
From the finding, the annual mean surface air temperature was increasing trend with statistically 
significant. This change was perceived by very high percentages (84.2-100.0%) of people. In the 
past 3 periods that were considered in the analysis, the annual rainfall and the number of rainy 
days showed both increasing and decreasing trends. Although the changes were not statistically 
significant, the spread of the data tended to expand in succeeding periods. There was no majority 
opinion on increasing or decreasing rainfall trends, which suggested that the PP on rainfall was 
reliable. For extreme hydrological events, a huge majority expressed their PP, which were contrary 
to the synthesis results. The very different perceptions in the duration could be a potential reason 
for the incorrect responses. For groundwater use, the local people (78.4-84.2%) realized that it was 




during recent years, there were high extracted groundwater events that did not occur during 
drought years, indicating that people changed their agricultural practices. 
 
There were 84.2-100% (past surface air temperature increasing), 87.5-100% (past drought 
increasing), and 94.7-100% (there will be less surface water in the future due to climate change) 
shared in the PP, and based on the figures, people should have shared significant concerns for 
future droughts. However, the older generation (≥ 41years old) was not concerned about future 
droughts because groundwater will help them cope with that problem. We would note that the 
people lack knowledge about the interaction between surface water and groundwater associated to 
climate change. In addition, the current easy access to groundwater prevents the people from 
observing the effects of the surface water deficit that they perceived from the past and that they 
believe is increasing in the future. However, the youngest generation (≤ 40 years old) shared more 
concern for both future floods and droughts, which may be induced by climate change. This 
finding indicates that this generation shows more awareness of the potential impacts – thus, 






















CONCLUSIONS AND RECOMMENDATIONS 
This dissertation focused on the rain-fed area in the UCP, which is largest basin in Thailand and 
the majority of people living in the agricultural sector and their standard of living are relatively 
low, in order to investigate current and future water resources as well as a plausible 
countermeasure to cope or even take advantage of the uneven hydro-meteorology. The objective of 
this dissertation was to develop and integrate mathematical models for assessing water resources 
under existing and climate change conditions as well as further investigating adaptation options to 
cope with uncertain hydro-meteorological events in the UCP. To give deep insights into the 
problems at a local scale and in order to reveal how local people, who are farmers, manage and 
respond to water problems and climate change issues, the people’s perception was studied as well. 
The main outcome from this dissertation were as follows: 1) the set of  distributed mathematical 
models that were able to assess surface water and groundwater; 2) temporal and spatial assessment 
maps of surface water stress and potential to get groundwater to alleviate the surface water stress 
as well as an adaptation scheme to cope with flooding and drought; 3) projection maps of water 
resources under the latest climate change scenarios; and 4) sharing of local people’s perception of 
climate change and its potential impacts on water resources. The main findings and contributions 
for each part was concluded below and in Fig. 7.1: 
 
1) This study applied 3 modules of the H08 model (Hanasaki and Mateo, 2012; Hanasaki et al., 
2014), i.e., LSM, river routing, and reservoir operation modules for assessing surface water 
components. However, the model does not have a function to simulate groundwater. Therefore, 
groundwater recharge (SMD− Rushton, 2003; Rushton et al., 2006) and 2-D groundwater flow 
using Gaussian elimination technique (Prickett and Lonnquist, 1971) were developed for 
simulating sub-surface water components. The classical method called Penman-Monteith method 
(Zotrarelli et al., 2015), recommended by the FAO, was used to calculate reference crop 
evapotranspiration (ETO) in order to estimate rice (main crop in the study area) water demand. To 
investigate an interrelationship between flood inundation and groundwater in the UCP’s flood 




module, overflow module, 2-D inundation flow module, and 2-D groundwater flow module were 
coupled and applied (Chaudhry, 2008; Kazama et al., 2007).  
 
2) Over the period of 1986 through 2000, there was an average annual rainfall of approximately 
987 mm in the UCP, and almost 88% or 868 mm of this rainfall occurred from May to October 
(wet season). The LSM showed approximately 810 mm lost through evapotranspiration annually. 
Therefore, the rest of the rainfall (177 mm year
-1
) contributed to runoff; in other word, a ratio of 
average annual runoff to annual rainfall or runoff coefficient was approximately 0.18. This 
estimated figure was lower than the observed value (210 mm year
-1
). Nevertheless, the comparison 
of river discharges (simulated and observed) at main gauging stations yielded the Ef values 
between 0.49 and 0.95. Since the river discharge was the result of coupling of the modules in the 
H08 model; the high Ef would imply in which areas that the model did a good job and vice versa. 
For sub-surface flow, the SMD module showed approximately 9.4% (93 mm) of average annual 
rainfall deep percolated (groundwater recharge) to groundwater storage. During the simulation 
period, the annual groundwater recharge varied between 47 mm (drought year) and 127 mm (flood 
year) and almost 70% of that amount recharged during August to October. Over the UCP’s flood 
prone area (Lower Yom and Nan sub-basins), groundwater recharges driven by rainfall were not 
much different from year to year (approximately 85 mm or 2.0 km
3
) since it is a plain area and 
distribution of rainfall slightly uniform. However, substantial rising of groundwater levels were 
simulated and observed during flood period (September to November). This dissertation revealed 
approximately 0.5 km
3
 to 6.0 km
3
 were estimated groundwater storages which induced by flood 
inundation varied between 1,106 km
2
 and 7,041 km
2
.      
 
Nearly 60.0% and  35.6% of the basin area are used by forest and agriculture, respectively. 
Approximately 80% of the agricultural area are rain-fed (Royal Irrigation Department, 2010) and a 
majority of people living in the basin relies on agriculture (e.g., as a source of staple food and 
income). Thus, only agricultural water use (rice water demand) was considered as a basin water 
consumption. Estimation of ETO varied between 103 mm (August) and 160 mm (March) based on 
the month to month variation of climatology. The rice water demand was calculated by multiplying 
the ETO with the rice coefficient (KC varied from 0.65 to 1.68 depending on crop age), which was 




and dry season crops). Assumed there is a 100% in the wet season and a 50% in the dry season of 
the total agricultural area (40,570 km
2
) in planting areas or CI (cropping intensity) equal to1.5; 
thus, approximately 174 mm (7.0 km
3
) and 475 mm (9.6 km
3
) were needed for the rice water 
demand for the wet and dry seasons, respectively. Despite there are two large reservoirs (Bhumibol 
and Sirikit reservoirs) with a total storage capacity of approximately 23 km
3 
(but about 11.6 km
3
 
on average was observed as effective storage at the end of monsoon season, Department of Water 
Resources, 2007) and the total water available in the basin is over the demand; however, there 
were evidences of water stress (agricultural water shortage) and caused immense damage across 
the basin (Department of Disaster Prevention and Mitigation, 2011; Department of Water 
Resources, 2007; Ekkawatpanit et al., 2009; Molle, 2002). Since allocation rule of water from the 
reservoirs for agriculture is very low priority and approximately 41.4% (Pratomchai et al., 2015a) 
of the total effective storage is conserved for the downstream basin (LCP) as well as inefficiency 
and lack of water distribution system, for example, canal and pipe network; therefore, surface 
water shortage has usually taken place in the dry season. Furthermore, there was approximately 
12% of annual rainfall distributed in the dry season while the demand in this season is high. The 
assessment suggests approximately 10% of agricultural area could be supplied by surface water in 
the dry season. During the wet season, on the contrary, this basin has suffered from flooding. In 
addition, a big flood usually occurs in every four years and caused a tremendous impact on people 
and their production (e.g., Hungspreug et al. 2000; Komori et al., 2012; Pavelic et al., 2012). Thus, 
alteration of the rice-growing season 1.5 months earlier (from the middle of June to beginning of 
May) and extracting use of groundwater for field preparation and maintain rice growth during 
insufficient rainfall was proposed as a adapting option to cope with flooding and drought. This 
scheme would ensure that the rice production area avoided flooding because a due of harvesting 
period is around August that is before the seasonal flood (around the end of September-October). 
Furthermore, the production area in the dry season might expand up to 40% of the agricultural area 
with enhancing use of groundwater (Pratoomchai et al., 2015a).  In addition, the areas growing 
with rice tend to increase because the agricultural price insurance policy. Thus, groundwater is 
now important to alleviate or compensate for surface water shortage. 
 
3) Climate change is real and its impacts on multiple sectors and water resources is not exceptional 




climate scenarios (RCPs, i.e., RCP2.6, RCP4.5, and RCP8.5 scenarios), a total of 15 (5 × 3) 
climate change scenarios (experimets) from the latest climate change study under the CMIP5 
project were applied for assessing a potential climate change impacts on water resources in the 
UCP. Linear interpolation and shifting−scaling techniques were used for downscaling and bias 
correction of the original GCM results (e.g., Alcamo et al., 2007; Hanasaki et al., 2013), 
respectively. A projection focused on near future (2026-2040) since it was reasonable to assume 
the same model parameters as used in the current period (1986-2000).  The projection of relative 
surface temperature changes to the current period showed increasing trend by 1.4 °C or 0.09 °C 
year
-1 
(low greenhouse gas emission scenario− RCP2.6) and 1.8 °C or 0.12 °C year
-1 
 (high 
greenhouse gas emission scenarion− RCP8.5) based on ensemble average (Kurylyk and 
MacQuarrie, 2013). In case of rainfall, there are two peak monsoons over the wet season− the first 
peak monsoon is in May and the later one is around September to October. 12 out of 15 scenarios 
projected decreasing trend in the first monsoon. On the other hand, 10 out of 15 scenarios showed 
an increasing trend in the second monsoon, especially in the upper area. These impacts of climate 
change would further increase the water stress in the basin as decreasing of the first monsoon 
might amplify drought, but increasing of the second monsoon might exacerbate flooding. In 
addition, these trends showed good agreement with findings of other researchers such as Kotsuki et 
al. (2014) and Watanabe et al. (2014). For sub-surface water resources, variability of groundwater 
recharge was projected vary between +5.4% (+5 mm) and -24.0% (-22 mm) (relative to the current 
period)  based on 15 experiments. Overall, groundwater storage tends to decrease and 
approximately 2.2 km
3
 in storage volume reduction was found in maximum impact due to climate 
change. In addition, the groundwater recharge-storage-reduction relationship was proposed for 
assessing potential impact of climate change on groundwater storage (Pratoomchai et al., 2014). 
  
4) Not only the assessments based on mathematical models have done, but also people’s 
perception of climate change and its potential impacts on water resources has also been carried out. 
SGIP (Sukhohai Groundwater Irrigation Project) in Sukhothai province, which is one of the 
intensive groundwater use areas in Thailand, was selected as the case study. 102 households 
(respondents) which satisfied 95% of confidence level (based on, for example, Manandhar et al. 
2013; 2015) were surveyed in this part. On the one hand, Mann-Kendall test that checks statistical 




change and its potential impacts. A statistically significant increase at the 95% confidence level 
was found in the annual mean surface air temperature, rising over the period 1955 to 2012. From 
1993 to 2012, statistical values and hydrological extreme events (floods and droughts) showed the 
highest variability relative to the period 1955 to 1992. It could be a signal of climate change 
impacts in the study area. The majority of people (94.7-100.0%) shared available surface water 
may be reduced as a result (impact) of climate change. However, a majority of elder generation 
(≥41 years old, 55.6-84.2%) did not realize the potential climate change impacts because their 
groundwater will alleviate the problems. Incorrect perception of climate change on groundwater 
was confirmed by 81.8-89.5% of people who shared that climate change will not impact 
groundwater. Furthermore, past hydrological extreme events (flood and drought) should bear in the 
people’s mind; however, the shared perception of these events were not correct. Exposure time to 
flood (≈ 1 week) and drought (≈ 5 months) is one of the potential factors on the misperception. 
Examining the perception of different generations, people who are ≥ 41 years old shared almost 
the same perception, and the people who are ≤ 40 years old showed more awareness of climate 
change impacts. The optimistic point is younger generation has already realized potential climate 
change impacts; thus, strong cooperation from them can be expected during implementation of 
future adaptation measures. Additionally groundwater resources studies are mostly based on 
models and other physical parameters. This dissertation included perception of people who use 
groundwater and for whom groundwater management is essential (Pratoomchai et al., 2015b).       
 
In a nutshell (Fig. 7.1 which is a recap of the framework and the findings), this dissertation reveals 
the duality of flooding and drought problems caused by uneven temporal and spatial distributions 
of water in the UCP. Shifting plantation time earlier by 1.5 months and enhancing use of 
groundwater to avoiding flood and maintaining rice growth is found as a plausible adaptation to 
live along with uneven nature. In addition, this dissertation showed a response or a side effect of 
rice growing area expansion, which was motivated by the agricultural price insurance policy, on 
groundwater use and its role. Furthermore, it helped us to understand the basin capacity in terms of 
water resources to support rice production in both wet and dry seasons. In the future, climate 
change is projected to exacerbate the degree of water problems in the basin. This effect has 
perceived by local people, but a majority of them do not realize its potential impacts on 




researchers to duplicate the methodology for other basins as well as information bases for decision 
makers to better planning and preparing for a coming chaotic hydro-meteorological events, which 
exacerbates by climate change and misunderstanding of farmers or other stakeholders. 
 
Fig. 7.1 Mathematical models and people’s perception studies are needed as the complementary 
for assessing water resources towards sustainable basin development 
Climate and climate 
change
Policy/ strategy/ people
Limited resources & problems 
(flood and drought)
Mathematical models/ tools





Based on perceptions/ 
experiences














Uncontrolled or difficult to 
control
Rice production areas under the cropping intensity 
(CI) equal to 1.5 or 40,570 km
2
 and 20,285 km
2
 for 
the wet and dry seasons, respectively, in the UCP
q Production area sharply incraesing
q Water use increasing
q Take advantage of groundwater to 
overcome the shortage
q Flood and drought increasing 
trend
q Water demand over the supply
q Decreasing of groundwater
q Household income shows 
substantially increase
q Lack of knowledge
q Do not aware of long-term 
available water use
q Do not aware of potential of 
climate change impacts
q Development plan over the basin 
capacity
q Breaking misperceptions of water 
use and climate change impacts are 
urgent
q Policy (rice production areas) was suggested to 
revised (CI ≤ 1.4, this assessment under conjunctive 
water use)
q Land use map for rice and other field crops was 
created
q Measure to increasing groundwater is necessary 
(approximately 1.0 km
3
 annually is enough for CI = 
1.5)
q Temperature rising
q Uneven rainfall distribution
q Variability of available water
q Water shortage
q The developed models are useful for 
predicting water resources situations 





However, recommendations as written below for further study should be investigated. Since the 
main objective of this dissertation was aimed at rain-fed development towards adaptation for 
sustainable agricultural water use and climate change impacts; therefore, following 
recommendations are suggested for fulfilling our knowledge: ①Assessing economical impact of 
the proposed rice production areas, for example, without groundwater the balance of surface water 
for supporting rice production area in the dry season is approximately (4,000 km
2
, only 10% of the 
total agricultural area of the basin). According to the study, enhancing use groundwater suggested 
the production area might increase up to 40% of the total agricultural area in the dry season. 
However, pumping costs (e.g., construction, electricity, and etc.) of that groundwater should have 
investigated and compared with the production prices. ②Under climate change conditions, surface 
temperature projected increasing trend. The increasing temperature is relatively sensitive to rice 
production or yield (main crop in the study area). Thus, assessing this impact on rice production as 
well as investigating other crops with more tolerant to temperature rising, sunshine, and suitable 
for each particular area (e.g., soil conditions), supporting market, and so on are necessary. ③The 
climate change impacts show uneven distributions, overall the upper areas (Ping and Wang sub-
basins) would expect to face with flood while drought might be more pronounced in the lower area 
and in the Yom sub-basin. Therefore, explicitly study for each area need to be investigated to 
prevent potential impacts as well as people’s perception in order to allow the study more 
practicable. ④ For supporting climate change adaptation, technology is expected to play a very 
significant role to alleviate some potential impacts (e.g., FAO (2011)’s framework− see Fig. 6.9). 
This feature needs to study as well.  Furthermore, as depicted in Fig. 7.1 (gray shading area) that is 
significant factors on water use and able to control since they are outlined by people; thus, deeply 
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Questionnaire survey: Flood, drought, and climate change impacts on water resources in the 
Sukhothai Groundwater Irrigation Project (SGIP) in Thailand  
  
Date:      /      /                                                                                                                Sample no       
 
I. General household information and farming practice 
1. Village name       
2. i) Name:      ii) Gender: (M/F)        iii) Age:  iv) Education:       
Member in your family 
SN. Gender (M/F) Age Education Employment 
1     
2     
3     
4     
5     
Education:  0. No education   1. Elementary school       2. High school        3. Undergraduate       4. Graduate level 
Employment: 1. Own farming      2. Agricultural labor     3. Small business      4. Office works    5. Other paid jobs 
 
3. Main income source:  i) Agriculture    ii) Agricultural labor      iii) Small business     iv) Others    
4. Agricultural product prices (trend), for example, rice:  i) Increase  ii) Decrease iii) No changed 
5. Investment cost of agriculture (trend):  i) Increase  ii) Decrease iii) No changed 
6. Monthly income (baht):        i) ≤2,500          ii) 2,501-5,000      iii) 5,001-10,000         iv) ≥10,000 
7. i) Irrigated land area             ii) Non-irrigated/rain-fed land    
8. How long have you been involved in farming?   year(s), crop intensity    time(s)/year 
 a ) First crop (planting)    , harvesting         
 b ) Second crop (planting)   , harvesting                        
 c ) Third crop (planting)   , harvesting           
9. Do you think the rice growing season is changing/ shifting?  
 a ) No      




10.  Water source(s) for agriculture: i) River  ii) Irrigation canal  iii) Groundwater iv) Others                          
11.  Have you ever taken loans from an agricultural development bank? Yes /No   
 
II. Public perceptions of climate change 
12.  Have you ever heard about climate change? 
      i) Yes-  a) From a friend/neighbor      b) Media      c) Development officer   d)School/college 
               When? - a) Recently       b) In last 10 years            c) In last 15 years         d) In the last 20 years 
ii)   Never heard of it 
     iii)  Self experienced it  
13.  What are the cause(s) of climate change?  i) Nature       ii) Due to human activities    iii) No idea 
14.  What are the potential impacts of climate change on water? 
      i) Surface water:                                      
 ii) Groundwater:                                 
 iii) No idea/ not sure                                        
15.  Your understanding of the term climate change is: 
 i) Urgent issue  ii) Distant threat  iii) No effect  iv)Don’t know 
16.  Does the climate change matter you? 
i) Yes, a great deal ii) Only a little  iii) Not at all  iv) Don’t know 
17.  What do you think about future climate change? 
i) Definitely continue   
ii) Might continue   
      iii) Will go away      
iv) No idea 
18.  Have you noticed changes in rainfall and temperature? 
 
A. Public perceptions of drought 
19.  How do you explain drought?              
20.  Have you ever experienced drought? Yes/No       ii) Duration of drought       month(s) 
21.  Drought event(s) and year(s)               
i) Rainfall changes 
a) Rainfall timing:  i) Timely rain                 ii) Irregular                         iii) Not sure 
b) No of Rainy days: i) Increase                   ii) Decrease                        iii) No difference       iv) Not sure  
c) Short-term heavy rainfall: i) Increase       ii) Decrease                       iii) No difference       iv) Not sure 
d) Amount of rainfall:  i) Increase                 ii) Decrease                       iii) No difference       iv) Not sure  
ii) Temperature changes 




22. Frequency of drought:  i) Increased    ii) Decreased       iii) No difference     iv) Don’t know  
23.  Causes of drought 
    i) No rainfall     ii) Less/erratic rainfall iii) Changes in seasonality of rainfall iv)Very strong sunshine 
      v) Deforestation/cutting trees  vi) others          
24. Future drought risk/ vulnerability:  i) No risk   ii) Little       iii) Medium        iv) Very high 
 
Drought impacts 
25.  Impacts on water resources:  i)Drying of water sources   ii) Decrease groundwater level       iii) Shortage of 
drinking water          iv) Shortage of irrigation water 
Solution(s) to cope with drought            
26.  Impacts on agriculture:  i) Seeds don’t germinate  ii) No vegetation/bare soil      iii) Food price rise 
27.  Impacts on crops: i) No plantation         ii) Partial loss      iii) Whole crop loss      
28.  Impacts on vegetable production:         i) Partial loss       ii) No production at all 
29.  Impacts on fruit production:               i) Partial loss       ii) No production at all 
30.  Optimum growing period for crops has become shorter? Yes /No   
31.  Other impacts: i) Loss of jobs  ii) Reduction in household income  iii) Causes anxiety and sense of loss 
 
34. Adaptation to drought 
32. Agricultural water use Normal year/period Dry year/period 
Source of irrigation water 
i) Rainfall   ii) River                           iii) 
Reservoir/dam      iv) Rainwater 
harvesting in pond              
v) Groundwater pumping 
i) River   ii) Reservoir/Dam                              
iii) Rainwater harvesting in pond  
iv) Groundwater pumping 
Available water (no of months)   
Frequency of irrigation/month    
33. Domestic water use Normal year/period Dry year/period 
Available water sources i) Pipe water  ii) Groundwater  iii)Flow river  i)Pipe water  ii) Groundwater  iii)Flow river 
Enough water  i) Yes                  ii) No i) Yes                  ii) No 
How often you take bath?   
Agriculture sector Domestic sector Other options 
a) Change crop calendar i) Reduced domestic water consumption 1. Migrate to another place 
b) Change to low water consuming crops ii) Rainwater harvesting 2. Take off-farm jobs 
c) Keep land barren iii) Kitchen waste water harvesting 3. Lease your land 





B. Public perceptions of flooding 
35.  How do you explain flood?             
36.  Have you ever experienced flooding? Yes/No         ii) Duration of flooding   week (s) 
37.  Flood heights   m  
38.  Flood events and years               
39.  Causes of flooding: i) Heavy rainfall  ii) Poor drainage  iii) others    
40.   Frequency of flood:  i) Increased  ii) Decreased iii) No difference  iv) Don’t know  
41.   Do you believe your house/living place is safe against flood? 
i) Not safe at all ii) Low   iii) Medium       iv) Highly safe 
42. Future flood risk/ vulnerability:       i) No risk    ii) Little       iii) Medium         iv) Very high   
 
Flood impacts 
43. Impacts on agriculture:  i) Partial crop loss   ii) Whole crop loss       iii) Need to replant many times       
44. Impacts on domestic water resources, e.g., clean drinking water:   i) Yes ii) No 
45. Other impacts:  i) Disturbances in normal life (movement)     ii) Loss of jobs         iii) Reduction in household 
income     iv) Assets loss    v) Threatens household food security vi) Causes anxiety and sense of loss 
vii) Irrigation canal collapse viii) Soil erosion 
46. Flood damages in the area:          i) Increasing ii) Decreasing iii) No change iv) No idea 
47. Casualties due to flooding in the area:   i) Increasing  ii) Decreasing iii) No change iv) No idea 
48.  Adaptation to flood 
 
49. What will be your priority if you get a chance to move things from your home to another location before flood? 
Money      Jewellery   Food   Water      Medicine Mobile         Clothes    
 
 
   
e) Water collection in dam/reservoir v) Use ground water  
 vi)  Purchase water  
Agriculture sector Domestic sector Other options 
a) Change crop calendar i) Purchase water 1. Migrate to another place 
b) Early plantation ii) Water collection in tanks 2. Take off-farm jobs 
c) Introduction of new plant varieties  3. Building house above ground level 
d) Crop insurance   
e) Dams/reservoir construction   




C. Climate change induced vulnerability 
50.   Do you concern about climate change induced vulnerability to your home (village)?     
 a) Drought: i) Yes ii) No  iii) No idea/ not sure      
 b ) Flood:   i) Yes  ii) No  iii) No idea/ not sure                      
51.   Do you concern about climate change induced vulnerability to your farm (paddy field)?     
 a) Drought: i) Yes ii) No  iii) No idea/ not sure      
 b ) Flood:   i) Yes  ii) No  iii) No idea/ not sure                              
52.   In your opinion, what kind of adaptation/mitigation measures should be considered? 
                
                 
 
 
 
 
 
 
 
